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PREFACE 


This book is based on courses of lectures given to undergraduates 
in the Universities of Edinburgh and St. Andrews, and is in- 
tended to provide an easy introduction to the methods of the 
theory of functions of a complex variable. The reader is a.ssumcd 
to have a knowledge of the elements of the theory of functions 
of a real variable, such as is contained, for example, in Hardy’s 
Course of Pure Mathematics -, an acquaintance with the easier 
})arts of Bromwich’s Infinite Series would prove advantageous, 
but is not essential. 

The first six cha])ters contain an exposition, based on Cauchy’s 
Theorem, of the properties of one-valued differentiable functions 
of a complex variable. In the rest of the book the problem of 
conformal rc'presentation, the elements of the theory of integral 
functions and the behaviour of some of the special functions of 
analysis are discussed by the methods developed in the earlier 
part. The book concludes with the classical })roof of Picard’s 
Theorem. 

No attempt has been made to give the book an encyclo- 
paedic character. My object has been to interest the reader 
and to encourage him to study further some of the more 
advanced parts of the subject ; suggestions for further reading 
have been made at the end of each chapter. 

.1 am esjx'cially indebted to Mr. VV. L. Fciirar, who read the 
manuscript of the whole book in its original and revised forms, 
and suggested many imjirovements. My grateful thanks arc 
also due to Professor E. T. Whittaker, F.R.S., for his kindly 
criticism during the early stages of the prej)aration of this work 
and for his constant encouragement. 

Finally, 1 have to thank Dr. H. S. Ruse and Professor J. M. 
W’hittaker for their careful reading of the proof sheets and many 
valuable suggestions. 


July 1935 
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CHAPTER I 

COMPLEX NUMBERS 

1.1. The introduction of complex numbers into algebra 

In arithmetic, we understand by a real number a magnitude 
which can be expressed as a decimal fraction. If tlie decimal 
terminates or recurs, the real number is said to be rational, since 
it is then the ratio of two whole numbers. But if the decimal 
does not terminate or recur, the number is not the ratio of two 
whole numbers and is said to be irrational. We shall assume 
that the reader is acquainted with Dedekind’s method of found- 
ing the theory of rational and irrational numbers on a sound 
logical basis. t 

Elementary algebra is concerned with the application of the 
operations of arithmetic to symbols representing real numbers. 
The result of any sequence of such operations is always a real 
number. 

A difficulty, however, soon arises in the theory of equa- 
tions. If a, 6, and c are real numbers, the quadratic equation 
aocr-\-2hx~{-c = 0 has two distinct roots if > ca and two equal 
roots when — ca. But if 6^ < ca, there is no real number x 
which satisfies the equation, since the square of every real 
number is positive. It is customary to introduce a new symbol 
^(— 1), whose square is defined to be —1, and then to show 
that the equation is formally satisfied by taking 

ax = 

when < ca. 

When this new symbol has been added to the algebra of real 
numbers, every quadratic equation is formally satisfied by two 
expressions of the form ol+P^{—1), where oc and jS are real 
numbers. Such expressions are called complex numbers. 

If we suppose that the symbol obeys all the laws of 

algebra, save that its square is —1, we can develop a consistent 
algebra of complex numbers which includes the algebra of real 
numbers as a particular case and which also possesses a charac- 
ter of completeness which is lacking in the simpler theory. This 

t Seo, for example, Chapter I of Hardy’s Pure Mathematica (1946). . 
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completeness is well illustrated by the theorem which states 
that every equation of degree n has precisely n roots — a result 
which is true in the algebra of complex numbers but is false in 
the algebra of real numbers. 

The present book is concerned essentially with the application 
of the methods of the differential and integral calculus to com- 
plex numbers. 

1.2. An algebra of ordered pairs of real numbers 

Before we proceed to elaborate the algebra of complex num- 
bers, it is very desirable that we should provide a definition of 
such numbers which depends only on real numbers, instead 
of the formal introduction of the symbol -^( — 1) of elementary 
algebra. Such a definition is suggested by the following geo- 
metrical considcrationsp. 

In the analytical geometry of the Euclidean plane, the equa- 
tionsf x' == ax, y' — ay define a transformation of any con- 
figuration of points into a new configuration which is obtained 
by a very simple geometrical construction. When a is positive, 
the transformation magnifies all distances from the origin in the 
ratio a : 1, whilst when a is negative, there is a magnification in 
the ratio —a : 1 together with a rotation about the origin 
through two right angles. 

If we write the equations of transformation in the form 
{x! , y') — (x, y) a, we see that a real number is the symbol of 
a certain geometrical transformation. 

These transformations are, however, merely particular cases 
of the more general transformation x' == ax— by, y* = hx-\-ay, 
depending on two real parameters a and 6. This transformation 
magnifies all distances from the origin in the ratio : 1 

and rotates all rays from the origin through an angle tan“^(6/a). 
The two equations defining the transformation may be com- 
bined by writing! 

•f The axes of coordinates are supposed to be at right angles. 

J The notation is that of the algebra of matrices. The reader is warned 

against confusing the matrix ( with the determinant I *1. A 

\-Op o/ 1—6, o| 

matrix has no numerical value, but is merely an array of numbers. 
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here the multipliers for *' occur in the first column of the two- 
rowed symbol, those for y' in the second. We shall now con- 
struct an algebra of these two-rowed symbols and shall show 
that this provides the desired definition of a compley number. 

In the first place, we say that two symbols are equal if the 
corresponding transformations are the same; thus 

a, b\_( a', b'\ 

-b, a] \-b', a’) 

holds if and only if a — a' and b ~ b’ . Secondly, we define 
the sum of the two symbols by the equation 

/ a, b\ I a', 6'\ / a+a', b+b'\ 

\-b, aj \-b-b', a+aj' 

From the definition of addition it follows that 


/ a’, b'\ I a— a', b—b'i^/ a, h\ 
\— 6', a'j^\—b+b', a— a') \~h, a}’ 

accordingly we define subtraction by 

/ a, b\_( a', fy\ ( a-a\ b-b'\ 
a] [-b', aj-\~b+b', a-af 


The definition of the product of two symbols is not quite so 
obvious, but it is suggested by analogy with the simpler case 
in which the transformation (x',y') = {x,y)ab is the result of 
applying successively the two transformations {x', y') — {x", y”) b 
and {x", y") == (x, y) a. Accordingly, we define the product of the 


symbols . jv 

I a’, b'\ 

\-b, a)’ 

\-b', a’) 

to be the symbol of the transformation obtained by applying 

successively the transformations 


(x'.j,') 


It follows thatf 


/ a. b\( a', b'\_( 

aa'—bb\ ab'-\-a'b\ 

\-b, al\-b\ a') \- 

-ab'—a'by aa'—bb'j 


t It should be observed that the rule for multiplication is the same as that 
for multiplying two determinants ; elements of a row of the first symbol are 
multiplied by the corresponding elements of a column in the second symbol. 



COMPLEX NUMBERS 


The symbol 


CJ 


is called the zero symbol, for it plays the part of zero in this 
algebra, since the difference of two equal symbols or the product 
of any symbol and the zero symbol is always the zero symbol. 
Similarly we call ^ 

(o! i)’ I 

which corresponds to the identical transformation 
{x',y') = {x,y), 

the unit symbol, since every symbol is unaltered by multiplica- 
tion by the unit symbol. 

Finally, given any non-zero symbol 
/ a, b 
\-6, a. 

we can deduce from the law of multiplication a unique symbol, 
namely lal{a?+h\ 

\bl(a^W), al(a^+b^)j’ 

wliose product with the given symbol is the unit symbol. The 
second symbol is said to be the reciprocal of the first. We now 
define division by a non-zero symbol to be multiplication by 
its reciprocal. 

Having defined the operations of addition and multiplication, 
together with the inverse operations of subtraction and division, 
we must next consider whether these operations obey the com- 
mutative, associative, and distributive laws of algebra. The 
reader will easily verify that this is the case by showing that, 
ii A, C denptc any three of these two-rowed symbols, then 

A-\-B = B-^'Aj 
AB = BA, 

(A+B)+C = A+{B+C), 

{AB)C = A{BC), 

A{B-\-C) = AB-\-AC, 

Moreover, if ^ £ is identical with the zero symbol, so also is at 
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least one of A and £, It follows, therefore, that operations in 
this algebra of two-rowed symbols are carried out in precisely 
the same manner as in ordinary algebra. 


In particular, the algebra of symbols of the foim 



identical with that of the real numbers a. Even though the 
two-rowed symbols of this type are logically distinct from the 
real numbers, no useful purpose is served by keeping a special 
notation for them.'j’ With this convention, we may write 


i ']. 

- 1 , of 


■where i 

We easily see, by means of the rule for multiplication, that 


in other words, i has all the properties formally assigned to 
1) in elementary algebra. 

We now define a complex number to be a two-rowed symbol 


of the form 



or a-\~ib, which obeys the laws of combina- 


tion prescribed above. It follows that we can perform all the 
operations of algebra with complex numbers in exactly the same 
way as with real numbers, provided that we treat the symbol i as 
a nmnber and replace its square by — \ whenever it occurs. 


1.3. The modulus and argument of a complex number 

The geometrical transformation 

associated with the complex number a+i6 magnifies all dis- 
tances from the origin in the ratio rotates 

all rays from the origin through a certain angle a. The magni- 

t It will be recalled that a similar point arises in connexion with Dedekind's 
theory of the real numbers, where the real rational number x (defined by a 
Dedekind section of the rational numbers) is logically distinct from the corre- 
sponding rational number. 
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fication factor +V(oH6*) called the mod/ulus of the complex 

number a+ib and is denoted by \a-\-ib\. 

The number a which is determined by the two equations 

a= |a+i6|cosa, b= la+i6|sinoi(, 

is called the argument^ of a-\-ib, and is written arg(o+i6). If 
the modulus of a complex number a-{-ib is not zero, its argu- 
ment has an infinite number of values; for if a is a value of 
arg(a-|-ii»), so also is a-(-2n7r, n being any integer. The principal 
value of arg(a-|-i6) is defined to be that which satisfies the\ 

inequality ^ arg(a+i6) < tt. 

If, however, \a-\-ib\ is zero, then a and b are both zero, and 
the equations to determine a are satisfied identieally; the argu- 
ment of the complex number 0 is thus indeterminate. 

Let us now supjjose that the complex number is the 

product of a-\-ib and a' -[-ib' , Since the geometrical transforma- 
tion corresponding to is the result of applying succes- 

sively the transformations corresponding to a-\-ib and a'+i6', 
it follows at once that 

\A-^iB\ = Ia-fi6|.|a'+i6'|, 

and also that a value of dj:g{A-\-iB) is the sum of the principal 
values of the arguments of a-\-ib and a'+i6'. 

1.31. The real and imaginary parts of a complex number 

It is convenient to denote a complex number x-[-iy by a single 
letter, z say. If s = where x and y are real, we call x and 

y the real and imaginary parts of z, and frequently write 

X = RI 2 , y = lmz. 

It is easily seen that 

— \z\ < Biz ^ l^l, — l^;] < Ims < \z\. 

From the definition of the equahty of two of the symbols of 
§ 1.2, it follows that two complex numbers z and z* are equal 
if and only if RI 2 : = RI 2 ;', Im:; = Im^;'. Again, from the rule 
for addition, we see that 

Rl( 2 -fs') = Biz + Blz'y Im( 2 ;-fz') = Imz -fimz'. 

t Alternatively, the or phase of a~\-ih. 
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1.32. Conjugate complex numbers 

If 2 — where x and y are real, the number x—iy is said 

to be conjugate to z and is denoted by 2. Obviously, the number 
conjugate to 2 is s itself. Moreover, the numbers conjugate to 
21+2:2 ^1^2. ^re evidently 21+22 and 2122 respectively. 

The proofs of many theorems regarding complex numbers can 
often be greatly simplified by the use of conjugate complex 
numbers, if we remember the easily-proved formulae 

I2I2 = 22, 2Rl2 = 2 + 2, 2ilm2 = 2 — 2. 

First of all, if 2i and 22 are any two complex numbers, we have 
l2i 2c,h = 2i 2o 2i 2., = Si2i 232^2 ~ 1^1 1^1 
and so I2122I = \zi\.\z.^\, 

the positive square root being taken since the modulus of a com- 
plex number is never negative. Therefore the modulus of the 
product of two complex numbers (and hence, by induction, of any 
number of complex numbers) is equal to the product of their 
moduli. \ 

Again, we have 

+ = (Zi+22)(2i + 22) 

= 3 i 2 i + ZiS 2 + 5 i 22 + Z 222 
= lZlP + 2Rl(ZiZ2)+|Z2|^ 

and soj |:^i+2:2l ^ | 2 ll+| 22 l- 

Hence the modulus of the sum of two complex numbers (and so, 
by induction, of any number of complex numbers) cannot exceed 
the sum of their moduli. 

On the other hand, we also have 

| 2 j- 22 P= lZi| 2 - 2 Rl( 2 i 22 )+|Z 2 l® 

> l2ll^-2|ZiZ2l+l22l® 

= {\zi\-\zS\ 

f An alternative proof was given in § 1.3. 

t It should be observed that the sign of equality occurs only when 
real and positive; this is the case if and only if Zj and have the samo 
argument. 
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SO that |Zl-32l > l(|Zl|-lZ2l)l. 

an important inequality of which frequent use will be made. 

Example. Show that argz + argz = 2n7r, where n is an integer or 
zero. 

1 .4. The geometrical representation of complex numbers 

The usual method of representing real numbers geometrically 
is by means of points on a line, the real number x corresponding 
to the point of abscissa x, according to some given scale, referred 
to a fixed origin on the line. In a similar way, we shall represent 
a complex number s by a point in a plane whose rectangular^ 
Cartesian coordinates are (RI 2 ;, Ima:); the eomplex number z is 
then called the affix of the point which represents it. The 
straight line whose equation is Im = 0 is called the real axis^ 
since the affix of each point on it is a real number; similarly we 
call the line Rls — 0 the imaginary axis. 

This geometrical picture, which is often called the Argand 
diagram, enables us to describe properties of complex numbers 
by means of geometrical language, as all the operations of the 
algebra of complex numbers have simple geometrical interpreta- 
tions in this scheme. 

Example 1 . If P, Q, R are the points of affix z, z', z-\-z' respectively, 
show that OPRQ is a parallelogram. 

Example 2. Prove that the polar coordinates of the point of affix^z 
arc (|s|,arg 2 ), referred to the origin as polo and the real axis as initial 
line. Deduce a geometrical construction for the point of affix zz\ 

Example 3. Prove that \a—hY-\-\a-\-h\^ = 2|a|2'|-2|6|2. Interpret 
this result geometrically. 

1.41. The point at infinity 

In the Euclidean geometry of the plane, ‘points at infinity’ 
do not occur; two straight lines intersect in a point except in 
the case when the lines are parallel. It is, however, usual to 
postulate, at a later stage, that there exists an infinite number 
of points at infinity, each being defined as the point of inter- 
section of a pencil of parallel lines. 

Now, if we take a pencil of curves through the point of affix 
c in the Argand plane, the transformation z' = Ijz turns them 
into a pencil of curves through the point of affix 1 /c, provided 
that c is not zero. To avoid the difficulty of this exceptional 
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case, we now postulate that there is a single point at infinity in 
the Argand plane; this point at infinity is defined to be the point 
corresponding to the origin in the transformation z' = \\z. 

The nature of the Argand plane at the point at infinity is 
made much clearer by the use of Riemann’s spherical repre- 
sentation of complex numbers, which depends on stereographic 
projection. 

In order to map a spherical surface stereographically on a 
plane, we take a point on tlie sphere as vertex of projection and 
its equatorial plane as plane of ])rojection. Then to any point 
of the sphere save the vertex of projection, tlurrc corresponds 
a unique point of the plane; conversely, to each point of the 
plane, there corresponds a uniciue point of the sphere. 

If we project the points on the sphere + = 1 stereo- 

graj)hically on the plane ^ ~ 0, taking the point (0,0,1) as 
vertex of projection, we find that the point {x, ?y, 0) of the plane 
corresponds to (f , r], on the sphere if 


or, writing z for x+iy, 

Conversely, (|, 7j, Q on the sphere corresponds to the point of 
affix z in the plane if 




zz-\-l' 




zz-l 

zz+l 


These equations provide a continuous one-to-one correspon- 
dence between the complex numbers and points on a spherical 
surface. 

Now if (^, 7], corresponds to the point of affix 2 , (^, rjy — Q 
corresponds to z', where 

, ^ i+iy 1— C _ 1 

i+^ f-Y,, 5’ 

since = 1 — But obviously args = arg 2 ' and 

l2|. | 2 '| = 1, so that 2 and z' are inverse points with respect to 
the unit circle with centre at the origin. Thus points of the 
Argand plane which are inverse with respect to the circle 121 = 1 
correspond to points of the Riemann sphere which are sym- 
metrical with respect to the plane ^ = 0. 
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In particular, when z = 0, z' is, by definition, the point at 
infinity, and so the point (0,0, 1) of the Riemann sphere corre- 
sponds to the point at infinity of the Argand plane. We have 
thus set up a one-to-one correspondence between the points of 
the Argand plane, completed by the addition of the point at 
infinity, and the points of the whole Riemann sphere. Any geo- 
metrical i)roperty involving the point at infinity in the Argand 
plane can thus be easily visualized by means of this sphericfil 
representation of complex numbers. ( 

KEFI-lRKNGESt \ 

C. H. Hardy, I*ure Maihemal/csf (Cam bridge, 1946), III. ^ 

B. A. W. Russicll, Introduction to Mathematical Philosophy (London, 
19] 9), Chap. VII. 

MISCELLANEOUS EXAMPLES 

1. Show tliat tlu3 equation of a straight line in the Argand plane is 

hz-\-bz c, 

w}i(*re b and c are constants, c being real. Deduce the condition for the 
collintuirity of three points. 

Prove also that s' is the reflection of s in this lino if bz-{-bz' = c. 

2. Find the area of the triangle whose vertices are the points of affix 

23. 

3. Show tJiat the triangles whose vertices are z^y z^y and 2J, z^y 23' 

are similar if 1 / , 

I s, z[ 1 

Zi 1 = 0 . 

23 2; 1 

4. Provo that the oejuation of a circle in tho Argand plane is 

azz-\-bz-{-bz-{-c = 0, 

where a (7^ 0), b and c are constants, a and c being real. 

Show tliat§ z and 2' are inverse points with r(3spect to this circle if 

az'z-\~bz-i-bz'-\-c = 0. 

t At the entl of each chapter, references will be given to suggest further 
reading. 

J It is important to notice that, although Hardy’s definition of a complex 
numbei is quite different from that adopted here, both depend on constructing 
an algebra with certain symbols involving two real numbers arranged in a 
tirtain manner. As the laws of combination are the same for both sets of 
constructions load to tho same algebra of complex numbers, 
n )i inversion with respect to the degenerate circle 

025+62+ -- 0 IS reflection in the line 62+62+0 = 0. 
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6. Show that the equations 
z—a . 

=A, arg- = q, 

where A and a are variable parameters, represent two orthogonal families 
of coaxal circles. 


6. Prove that the homographic transformation 

whore a, y, 8 are complex constants, turns circles in tlie 2 -plane into 
circles in the Z-plane, straight lines being regarded as dcjgenerate circles. 

7. Provo that a liomographic transformation is a one-to-one trans- 
formation of the complete 2 -plano into the complete Z-plane, which 
leaves the angle between any two intersecting curves unaltered. Show 
also that the cross -ratio of the affixes of four points 

(^ 1 ^ 2)(^3 ^ 4 ) 

(2i-23)(22-24) 

is invariant under a homograpliic transformation. 

8. Show that every homographic transformation may bo generated 
by an oven number of inversions with respect to circles or straight lines. 

9. Show that there are two points which are invariant with respect 
to a homographic transformation. Hence sliow tliat, if these invariant 
points are distinct, the transformation is tixpressiblo in the form 



where A; is a constant, and that, if the invariant points are coincident. 


the transformation is 


Z— Zi 



where 6 is a constant. 


10. Detoimino the regions of the 2 -plane specified by 

I ^, < 1, =1, or > 1, 

1 1 — 02 I 

where o is a constant of modulus less than unity. 

11. Find the regions of the 2 -plane for which 

2—0 , , _ 

, _ < 1, =1, or > 1, 

2 + 0 

where the real part of o is positive. 

12. Show that the equation ( 02 + 02 )® = 2 (& 2 +£ 2 ) + c, where c is real, 
represents tlie most general parabola in the complex plane. 

13. Two points, whose affixes are and Zg, move independently round 
an ellipse with a focus at the origin. Show that the region in which the 
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point of affix lies is bounded by a curve whose polar equation is 
(l-hr2)(l-€2)-2r(l-€2cos^) = 0, 

wluTe € ivS the eccentricity of the (‘llipse. Sketch this curve and ihdicato 
tlif; region in which z^jz.^ must lie. What is the corresponding result for 
a parabola? [Oxford: Junior Scholarship, 1929.] 

14. Prov(' tliat, in stereograjihic projection, straight lines in the plane 

com'spond to small circles on the sphere which pass through the vertex 
of projection. ^ 

Sliow also that the great circles through the ends of a fixed diameteif 
of a spluTc project into a family of coaxal circles with real commonl 
points, and that tlio small circles whoso planes are iierpendicular to this 
diametiT project into the orthogonal system of coaxal circles. 

15. If da bo the (‘l('rn(‘nt of length of a curve on the sphere 

~ 1 mid ds th(‘ element of length of its stereographic pro- 
jection on the plane I ~ 0, prove that 


Honc(} show that stereograjihic projection maps a sphere conformallyt 
on a piano. 

16. Show that the jioints the stereograjjhic projections of 

the t)nds of a diameter of the Kiianann sphere if z^z^ — 1. 

If the Ricmann sjihere bo rotated through an angle d about this 
diameter, prove that tlio corresponding transformation of the Argand 
plane is given by 

, ^ = (cos^-l-isin6^)*" 

Z —z^ z—z^ 

17. Provo that the necessary and sufficient condition that a trans- 
formation of the Argand plane correspond to a rotation of the Riemann 
sphere about a diameter is that it be of the form 


az—c 
cz Pa* 


18. A rotation of the Riemann sphere about a diameter through the 
point of spherical polar coordinates (l,^^o>^o) moves the point (l»d,^) 
to (lyd'y<l>'). Provo that J 

cot 6q cosec oi-\-i cot ‘ 

Determine the relation betw€'en the angle of rotation and the para- 
meter a. 

^ t A method of mapping is said to bo canjormal if it preserves the angle of 
mtorsection of every pair of iiitorsocting curves. Soo Chapter VI. 

T e IS here used as a convenient abbreviation for cos 0 + i sin ip. See § 3.61. 



CHAPTER II 

THE CONVERGENCE OF INFINITE SERIES 

2.1. Sets of points in the Argand plane 

As we saw in the last chapter, we can describe properties of 
complex numbers in geometrical language by using the Argand 
diagram or the Riemann sphere. In the present chapter, we 
consider from this geometrical standpoint some of the properties 
of sets of complex numbers. 

By a neighbourhood of a point Zq in the Argand plane we mean 
the set of all points z such that |z— Z qI < «; we call c the radius 
of this neighbourhood. Under the transformation z' = 1/z, the 
neighbourhood of the origin of radius € becomes the set of all 
points z for which |z| > 1/e. Accordingly, we define a neigh- 
bourhood of the point at infinity to be the part of the z-plane 
outside a circle \z\ = R. It should be observed that the portion 
of the Riemann sphere which corresponds to this neighbourhood 
of the point at infinity is the interior of the small circle cut off 
by the plane ^ = {R—l)l{R\\). 

A point Zq is said to be a limiting •point of a set of points S in 
the Argand plane if every neighbourhood of Zj, contains a point 
of S distinct from Zq. For example, the points are 

limiting points of the set of points of afiix 

(»- 1.2,3,...), 

whilst the point at infinity is a limiting point of the set of points 
of affix «2+2m (n = 1, 2, 3,...). 

This definition implies that every neighbourhood of a limiting 
point Zq of a set of points 8 contains an infinite number of points 
of 8. For the neighborhood |z— z^l < e contains a point z^ of 
8 distinct from Zq, next, the neighbourhood jz— z^j < \Zi—Zo\ 
contains a point Zj of 8 distinct from Zq, and so on indefinitely. 


2.11. Closed and open sets of points 

The limiting points of a set are not necessarily points of 
the set. For example, the limiting points of fl^e set 
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of points of affix 

(^ = 1.2,3,...) 

n-]-i 

are certainly not members of the set. If, however, every limiting 
point of the set belongs to the set, we say that the set is closed. 

Limiting points are divided into two classes, interior points 
and boundary points. A limiting point Zq of a set S is said to be| 
an interior j)oint if there exists a neighbourhood of Zf^ which! 
consists entirely of points of *S\t A limiting point which is not\ 
an interior i)oint is called a boundary point. Thus, if S consists 
of all points for which \z\ < }, points on the circle l^l = 1 are 
boundary points, whilst each point of the set is an interior })oint. 

A set which consists entirely of interior points is said to be 
open. It should bc^ observed that sets exist which arc neither 
oj)en nor closed; a simple set of this tyj)e consists of the point 
z -- I and all points for which \z\ < 1. 

Example. 81iow that, if a sot S' consists of all the limiting j)oints 
of a giv('u s(‘t S, tlK'ii a limiting point of S' necessarily belongs to S'. 

2.12. Jordan curves 

The equation z — x{t)-{-iy(t)y 

where .r(/) and y{t) are real continuous functions of the real 
variable f, defined in the range t^^ ^ t ^ T, determines a set of 
points ill the Argand plane which we call a continuous arc. 
A point is said to be a multiple point of the arc if the equation 
Si = x(t) + iy(t) is satisfied by more than one value of t in the 
given range. 

A continuous arc without multijile jjoint is called a Jordan 
arc. A simple example of a Jordan arc is the polygonal arc 
which consists of a finite chain of straight segments. 

A continuous arc which has but one multiple point, a double 
point corresponding to the terminal values t^, T of t, is called 
a simple closed Jordan curve. For example, the arc 
z = cos/+isinJf, 

where 0 ^ 27r, is a simple closed Jordan curve, the double 

pointj being 2 ; = 1, corresponding to ^ = 0 and t — 

t This, of course, implies that belongs to S. 

+ It should, however, bo observed that it is not a double point in the sense 
understood in the theory of higher plane curves. 



THE CONVEKGENCE OF INFINITE SERIES 15 

2.13. Bounded sets 

A set of points is said to be bounded if there exists a positive 
number K with the property that the inequality \z\ ^ K is 
satisfied by the affix z of each point of the set. If there exists 
no such number K, the set is said to be unbounded. 

2.14. The definition of a domain 

A set of points in the Argand plane is said to be connex if 
every pair of its points can be joined by a polygonal arc 
which consists only of points of the set. An open connex set 
of points is called a domain. If we add to a domain 
its limiting points, the resulting set is called a closed 
region. 

Two domains which have no point in common are said 
to be separated. Obviously every polygonal arc which joins 
a point of a domain to a point of another domain 
separated from the first must contain boundary points of the 
sets. 

2.15. The Jordan curve theorem 

It is easily shown that the circle 1^ 1 divides the Argand 

plane into two separated domains, namely the sets defined 
by the inequalities \z\ < I and | 2 :| > 1, which have the circle 
as common boundary. This result is a particular case of the 
Jordan curve theorem, f which states that a simple closed Jordan 
curve divides the plane into two domains which have the curve 
as common boundary. One of these domains is bounded and is 
called the interior domain; the other is unbounded and is called 
the exterior domain. 

The two domains into which the plane is divided by a simple 
closed Jordan curve C are distinguished by a simple analytical 
property. If a is a point of the exterior domain, arg( 2 ;— a) 
returns to its original value when z goes once round C. On the 
other hand, if 6 is a point of the interior domain, arg( 2 ;— 6) 
increases by ±27r. If the increase is +27r, we say that z de- 
scribes G in the positive or counter-clockwise sense. 

Although the results we have just stated seem quite obvious, 

t Jordan’s original proof will be found in hia Cours d' Analyse, 3 (Paris, 
1887), 587. He assumed the truth of the theorem for a polygon. 
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their proof is extremely complicated and far too difficult to give 
hcre.t For tlie most part, we shall only use simple closed Jordan 
curves composed of straight lines and circular arcs, and we shall 
rely upon geometrical intuition, which does not, in fact, lead us 
astray. Actually the proofs of the theorem in these elementary 
cases are generally quite straightforward. 

2.2. Nests of intervals and rectangles ! 

The set of all real numbers x such that a < a; < 6 is callels^ 
an interval. If we represent the real numbers by points on ^ 
straight line in the usual manner, this interval is represented 
by a segment of the line of length h—a, the end-points being 
included in the segment. It is convenient to use the same word, 
interval, for such a set of real numbers and for the corresponding 
segment on a line.* 

A sequence^ of intervals /jj/o,..., is said to form a nest^ 
if each interval consists only of points of and if the 
length of tends to zero as n->QO. We shall now show that 
there is one and only one point which belongs to all the intervals 
of a nest. 

For su})])ose that the interval consists of all points x 
such that -<; X Then, by the definition of a nest, 

for all values of n, and so the numbers a^^ form 
a non -decreasing bounded seciucnce. Hence, as n -> cx:, tends 
to a finite limit f. Moreover, since every positive 

integer p, we see, by making p oo, that Similarly we 

can show that 6,^ tends to a limit and that ^ for every 

finite value of n. 

But since tends to zero by hypothesis, a„ and must 

tend to the same limit f . We have thus shown that there exists 
a number f such that the inequality holds for every 


^ t Soo P. Dienos, The Tai/lor Scrie.s ((Xxford, 1931), 177-97; G. N. Watson, 
Camplcjc Jnlegratum a?K/ Cauchy's Theorem (Cambridge, 1914), 3-16; M. H. A. 
Newman, Topology of Plane Sets (Cambridge. 1939). 

+ Ry a sequence we moan, throughout this book, a set of infinitely many 
objects which can be put into one-to-one correspondence with the set of 
positive integers. 

§ ']^is term is suggested in R. C. Young’s translation of Knopp, Theory 
tmd Application of Infinite Series (London, 1928). 
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finite value of n. In other words, the point of coordinate f lies 
^ in every interval of the nest.f 

A similar theorem is true of complex numbers; we state it in 
a geometrical form. A sequence of closed rectangles 

wliose sides are parallel to the real and imaginary axes, 
is called a nest if each rectangle consists only of points of 
and if also the lengths of the sides of R^ tend to zero as 
n-> CO. Then, as we shall now show, tluTe is one and only one 
point which lies in all the rectangles of the nest. 

Let us suppose that the rectangle R,^ consists of all points of 
affix z such that 

< RI 2 < a; < Imz < 

Then, by definition, we have 

««+x < f>n+i b,„ < o;.,i < < 6;, 

where and b!^—a'^ both tend to zero as 71 00. 

These conditions, however, imply that the intervals 

a„ 5^ X < 6„ (n = 1,2,3,...) 

form a nest. Hence there is exactly one point ^ on the real axis 
such that the inequality a„ < ^ < b„ holds for all values of n. 
Similarly there is jircciscly one point irj on the imaginary axis 
such that < 17 < for all positive integers n. It follows 
that the point of aflix l+iij is the one and only point which 
lies in all the rectangles of the nest. 

Example. Ai Ci is a triangle, which is divided into four congruent 
triangles by joining the mid-points of its sides. A 2 B 2 C 2 i« one of these 
smaller triangles, chosen according to some definite rule. A^B^C^ is 
obtained from A 2 B 2 C 2 in tho same manner, and so on indefinitely. 
Prove that there is one and only one point which lies within or on all 
the triangles of this sequence. 

2.21. The Bolzano -Weierstrass theorem 

The fundamental property of bounded sets of points is con- 
tained in the theorem of Bolzano and Weierstrass, wdiich runs 

t It is necessary for the truth of the theorem that the end-points of an 
interval sliould belong to the interval. For example, if denotes the set of 
points such that 0 < a; < 1 (n, there is no point which belongs to all the sets 

4111 


0 
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as follows. If a set 8 is bounded and contains infinitely many 
points, then it possesses at least one limiting point. ^ 

By hypothesis, there exists a closed square i?o> with vertices 
^K-iziK, to which every point of the set 8 belongs. The 
imaginary axis divides this square into two equal rectangles. 
One of these, regarded as a closed set, must contain an infinite 
number of points of 8\ if both do, we take the right-hand one. 
Again, the real axis divides the selected rectangle into two con- 
gruent squares. One of these squares, regarded as a closed sei, 
contains an infinite number of points of aS; if both do, we takq 
the upper square. \ 

In this way we obtain a closed square of side K, which 
is contained in R^ and which contains an infinite number of 
points of 8. Wc now treat R^ in the same way. We divide R^ 
into two congruent, rectangles by a line parallel to the imaginary 
axis. One of these rectangles, regarded as a closed set, contains 
an infinite number of points of 8 ; if both do, we take the right- 
hand one. The selected rectangle is then divided into two equal 
squares by a line parallel to the real axis. Again, one of these 
squares, regarded as a closed set, contains an infinite number 
of points of 8\ if both do, we take the upper one. We thus 
obtain a closed square R^, of side A 72 , which is contained in 
and which contains an infinite number of points of 8. The 
square R^ is then treated in the same manner, and so on in- 
definitely. The process never terminates since we never reach 
a square which contains only a finite number of points of 8. 

Now the squares R^, R^,..., form a nest, since R^^x 

consists only of points of R^^ and the length of each side of 
Rn+x is KI2^, which tends to zero as n -> 00 . Accordingly there 
exists one and only one point ^ which lies in all the squares of 
the nest; we now show that ^ is a limiting point of 8. For if 
€ is any assigned positive number, we can choose an integer N 
such that the diagonal of the square is less than e; then the 
neighbourhood of ^ of radius e contains the square and hence 
contains an infinite number of points of S. This proves the 
theorem. 

t Two proofs of this theorem for the case when all the points lie on a straight 
Imo will be found in Hardy, Pure Mothematic.s ( 1 940), 32, 1 38. The proof given 
h€)ro in the two-dimeriHional case is similar to Hardy’s second proof. 
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2.3. The convergence of complex sequences 

A sequence of complex numbers 2;,,,... is said to be 

convergent if the corresponding set of points in the Argand 
plane has one and only one limiting point, whose affix s is finite; 
when this is the case, the number z is called the limit of the 
sequence. We denote this symbolically by writing ‘2:,^ -> 2; as 
n-^co\ or lim 2^, — z. 

TJ -v xi 

The definition implies that 2 is the limit of the sequence if 
and only if every neighbourhood of the y>oint of affix 2 contains 
all but a finite number of points of alfix 2,,. In other words, 
2 is the limit of the sequence 2^, 2,,,... ?/, qiren any 'positive 

number e, ive can find an integer N such that the mequality 
\z^^—z\ < € holds for all integers n N. It follows that a con- 
vergent sequence is necessarily bounded. 

A sequence which is not convergent is said to be divergent. 
A divergent sequence either has more than one limiting point, 
in which case it is said to oscillate, or else lias a single limiting 
j)oint at infinity. 

If the points of the sequence 2^, 2.^,..., 2,,,..., having a single 
limiting point at infinity, lie on a branch of a curve which has 
the line arg2 — a as asymptote, it is sometimes convenient to 
denote this fact by writingl 2^, -><X).e°^*. Thus n+i/n +QO, 
and 1 -f-nH- l/?i - > 1 -j-00 i. This convention does not violate the 
postulate that there is but one ])oint at infinit}^ in the Argand 
j)lano; it is merely a simple way of sj)eeifying the manner in 
which the limiting point at infinity is approached. 

2.31. Cauchy ’s principle of convergence 

It can be easily shown that a secynencc of complex numbers 
2,, 23,..., is convergent if and only if the two sequences 

of real numbers o',,,..., and yo,- -, where 

.r„ KI2,,, y„ lni2„, arc convergent, and so theorems con- 

cerning the convergence of complex secpiences can be deduced 
from the corresponding theorems lor real sequences. It is, how- 
ever, usually much more convenient to make use of Cauchy s 
principle of convergence, which runs as follows. The necessary 
and sufficient condition for the convergence of a comqylex sequence 
22,..., 2,,,... is that, given any positive number e, there should 
t c"' is usod here to denote cos <x~\- i sin a. 
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exist an integer N, depending on €, such that the inequality 
< € holds for every positive integer p. 

The condition is necessary; for if -> z, there exists an integer 
N, depending on the given number e, such that the inequality 
< k holds when n^ N, Hence, if p is any positive 
integer, we have 


|s.VHp-“vl < |2^+p-s|+l-.V — < €• , 

The condition is also sufficient. For if it is satisfied, the givenl 
sequence is bounded, since all save a finite number of its points 
lie in the neighbourhood of z^y; of radius 6; hence, by the Bolzano- 
Weierstrass theorem, the sequence possesses at least one limiting 
point. Now if tJie sequence is not convergent, it must possess 
at least two finite limiting points, z' and z", say. Accordingly, 
there exist integers q and r, depending on the given number £, 
such that , , ^ 




< 


\z —z 


'N+r I 


< c. 


With these values of A, g, r, we have 


IZ'-Z"1 - l(z'-Z^r+^) + (Zj^r.,^-Z^y)-(Z^y^,--Zj^f-(^^^ 

'%+g|+ — S^iV+rl 


< 46. 


This is, however, impossible, since z' and z" were supposed to 
be distinct limiting points of the secjuence, whilst e is quite 
arbitrary. Hence the sequence does not possess more than one 
limiting point; this completes the proof of the sufficiency of the 
condition. 


Example 1. 

plox numbers 


Determine the limiting points of the sequence of com- 


where a is (i) real and rational, 
(ii) real and irrational. 


Example 2. If s„ a, 4 2 ', prove that z„-f-z^ -■> z+z', z„4 - 

and also that, if z' is not zero, zjz'n -> z/z'. 


2»32. The maximum and minimum limits of a sequence 
of real numbers 

We shall now show that a sequence of real numbers ^ 2 >***’ 
^n>*“ possesses a greatest and a least limiting point. In the cases 
when x, +oc, x^ -> — oo, the sequence has but one 
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limiting point and there is nothing to he proved. Accordingly, 
we may restrict our attention to oscillating sequences. 

Let us suppose, in the first place, that the sequence is bounded 
above, that is, there exists a real number K such that the 
inequality ar,, < K holds for all values of n. We now divide the 
real numbers into two classes L and R in the following manner. 
The number x belongs to R if there are only a finite number of 
members of the sequence greater than x, and belongs to L in 
the contrary case. Evidently the class R exists, since every 
number greater than K belongs to it. 

Now if every real number belonged to the R class, all save 
a finite number of members of the sequence would be less than 
—X, no matter how large x was; but this would imply that 
x^ —00, which we are supposing is not the case. Hence the 
L class also exists. 

Moreover, tliis classification of the real numbers satisfies the 
conditions for a Dedckind section, namely, 

(i) every number belongs to L or R\ 

(ii) each class exists; 

(iii) any member of L is less than any member of i?. 

Hence, by Dedekind’s theorem, f there exists a real number ^ 
such that all numbers less than it belong to L and all numbers 
greater than it to R, 

Now if € is any positive number, belongs to R\ there 

are, therefore, only a finite number of members of the sequence 
greater than ^ + ie, and so is certainly not a limiting point. 
Hence the sequence docs not possess a limiting point greater 
than 

On the other hand, e belongs to L\ there are, therefore, 
an infinite number of members of the sequence between £ 
and l+e, and so | is a limiting point of the sequence. 

We have thus shown that a sequence of real numbers, 
bounded above, possesses a greatest limiting point We call 
i the maximum limit of the sequence, and write 

If, however, the sequence is unbounded above, it is usual to 

iima:„ = +00. 

■f See Hardy, Pure Mathenmlia^ (194G), 30. 
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The minimum limit of the sequence, which is denoted by 
lima;,,, is delincd by the equation 

lima-,, = — iim(— a:,,). 

If lim a-,, has a finite; value f f is the least limiting point of 
the sequence; but if lima:,, =- — oo, the sequence is unbounded 
below. 

Filially, it is evident tliat the equation 

holds only in the eases when -> x, x^^ -> +oc or x^-> oo. 

2.4. Infinite series 

The symbol + 

which involves the addition of an infinite number of complex 
numbers, has, in itself, no meaning. In order to assign a mean- 
ing to the sum of such an infinite series, we eonsider the asso- 
ciated sequence of ])artial sums .Vj, where 

If this sequence tends to a finite limit s, we say that the infinite 
series is convergent and that its sum is 5; in this case, we write 

00 

71 -0 

But if the sequence of partial sums does not tend to a finite 
limit, wc say that the inlinite series is divergent. 

The necessary and sufficient condition for the convergence of 
an infinite series is provided by Cauchy's principle of con- 
vergence. There are, however, numerous sufficient conditions 
which may be deduced from this general principle. 

An alternative procedure is to make the theory of the con- 
vergence of complex series depend on the corresponding theory 
for real series, with which we shall assume the reader is ac- 
quainted.! ^'or the sequence of partial sums Sq, 

t See, for example, Hardy, Pure Mathematics (1946); Bromwich, Theory of 
Infinite Scries ( 1926) ; Knopp, Theory and Application of Infinite Series ( 1 928) ; 
Forrar, A Text-book of Convergence (1938). 
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of a complex series is convergent if and only if Rls„ and Ims„ 
tend to finite limits, that is, if and only if the two real series 

fRla„, flmfl^ 

0 0 

are convergent. 

2.41. Absolutely convergent series 

00 

An infinite series J of complex terms is said to be abso- 
0 

00 

lutely convergent if the series J is convergent; We now 

0 

show that absolute convergence implies convergence^ but not con- 
versely. 

CO 

Let us suppose that the series ^ absolutely convergent, 

0 

and let us write 

Then, given any i)ositivc number €, we can find an integer N, 
depending on e, such that the inecjuality 

kvH-;i-orA'l < € 

holds for every positive integer p. Now 

— l%ll + %42+-*-+%4pl 

^ k^A+ll+l%+2l + ”-+l%+pl 

But, since positive, this gives 

^N+p~ ^N+p' ‘^aI < 

Hence, by Cauchy’s principle of convergence, the absolutely 

Ct) 

convergent series ^ is convergent. 

0 

To complete the i)roof of the theorem, we need only observe 
that the series , 

n 

is convergent, but not absolutely convergent. 

The most important property of an absolutely convergent 
scries is that its sum is not altered by changing the order of its 
terms in any manner, a property which is not possessed by non- 
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absolutely convergent series. This follows from the correspond- 
ing well-known theorem concerning real scries. I 

2.42. Sufficient conditions for absolute convergence 

We shall now prove that the series 2 of complex terms is 
absolutely convergeut if but is divergent if 

lim > 1. Tliis test, which is due to Cauchy, is of great 
iin])ortance in the tJieory of power series. 

For if lim = 1 — 2r, where 0 < c < .J, then the in-\ 

equality ^ l--c is true for all save a finite number of ' 

values oi‘ n. There exists, therefore, an integer 31 such that 
(1—c)^' when 7i > 31, 

If, now, denotes the 7ii\\ partial sum of the scries ^ 
we liave, when n ^ 31, 

c c ’ 

Since this last ex^wssioii tends to zero as n -> oo, we may assign 
an arbitrary positive number e and then choose an integer 
N (> ilf) such that the inequality Icta +j,— o^ivl < ^ is true for 
all positive integers p. Hence, by Cauchy’s principle of con- 
vergence, the series ^ is convergent. 

On the other hand, if lim ~ I -{-2d, where d > 0, the 

inequality > 1-frf is true for an infinite number J of 

values of 7?.. This, however, implies that \aj > (1+^^)'^ for an 
infinite number of values of n, and so does not tend to zero 
as ??, “V 00 . Hence the series J is divergent. 

Another test, which is somewhat easier to apply, is d’Alem- 
bert’s ratio-test, which states that the series ^ of complex 
terms is absolutely convergent if lim I < 1, but is divergent 

if lim > 1. The proof of this is left to the reader. It 

should, however, be observed that d’Alembert’s ratio-test is 
definitely less powerful than Cauchy’s Tith root test. For, since § 

lim ^ iTm > Ihn > lim 

t See Bromwich, loc. cit. 71, or Knopp, loc. cit. 138-9. 

J But not necossarily for all sufBciently large values of n. 

§ For a proof of this inequality, see Bromwich, loo. cit. 421-2; Knopp, loc. 
Cit. 277-8. 
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a series ^ absolutely convergent in virtue of the fact 

that lim < 1, even though lirn > 1; the series 

l+a+ 62 +aHft"+... 

where 0 < |a| < [61 < 1, is a case in point. A similar remark 
applies to the ratio-test for divergence. 

If, however, tends to unity, d’Alembert’s ratio-test 

fails. We may then have recourse to Raabe’s test, which states 
that the series 2 absolutely convergent if 

lirnn -1} < -1. 

For if the value of this maximum limit is — 1— 2c, where c is 
positive, the inequality 

«« 

holds for all save a finite number of values of ??, and so is cer- 
tainly true when n ^ N, say. If we write this inequality in 
the form 

and add, we find that, when n ^ N, 

c{|a^l + lo.v+ll + ••• + l“ni} < < (-^^-l)Kvl- 

But since (A— l)lavl does not depend on n, the series ^ l^nl 
of positive terms has bounded partial sums and so is convergent. 
Hence ^ absolutely convergent. 

2.43. Tests for non-absolute convergence 

In this section w^e shall need the following lemma. 

If tends to a finite limit as n tends to infinity ^ then, if 

one of the series 

or. oo 

^ ^'n(^n ^w+l) 

1 0 

is convergent, so also is the other. 

The result follows at once from the identity 

N N-1 

^ 0 ^ 0 + 2 2 

1 0 
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iJedckind's Test. The series 2 convergent if 

(i) the. series ^ has bounded partial sums, 

(ii) the series J (*’»— «^«+i) absolutely convergent, and 

(iii) 'i>„ tends to zero as n-^co. 

If we write ^ a„+ai+...+a„ , then, by condition (i), there 
is a constant K such that |d„| < A' for all n. Hence 

and so, by (iii), v„ tends to zero as n ->■ co. 

and so, by (ii) and the comparison test for stories of positive 
terms, the series A^X'Vu~'^n+i) absolutely convergent. 


Hence, by the lemjTia, the series is 

convergent, wliich was to be proved. 

(lu Bols-Rcifniond's T(\sf. The .series ^ dn'^n convergent if 

(i) the series ^ convergent, and 

(ii) the series ^ i) absolutely co7ivergent. 

Let ns write a , , 

— u>^,+ii-G^„4-2"r — 

Since V is convergent, the series defining ^4^ is convergent 
and A,^ tends to zero as n-^co. Moreover, since 

■o„ ^ %-{»o-Vi)-{Vi-vf^-...-{v„_,-vJ, 

we have 


h’,,! ^ l^’ol+K— ■i’ll+K— «^«l 


< kol+ I hv-l'r+ll 
0 

so that.v,, is bounded, say \vj < k. Hence \A^,vJ < k\A^\, 
and so A tends to zero as Ti. -> oo. 

It follows from the lemma that the series 

00 (30 

«(.Vo+ 2 2 i^n-^n-lK 

1 1 

is convergent if ^ ^ is convergent. The latter series 
is, in fact, absolutely convergent. For since tends to zero, 
there is a finite constant K such that \AJ<K for all n\ 
hence «„+,)| < K\v,, — and the convergence of 

2 follows by (ii) and the comparison test. 
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2.5. Double sequences 

A set of complex numbers where m and n take all positive 

integral values is called a double sequence. It is said to converge 
to the value s if, given any positive number e, we can find an 
integer N, depending on €, such that the inequality s| < € 

holds whenever 7n and n exceed N. The finite number s is then 
called the limit of the double sequence and is denoted by 
lim A double sequence which does not converge is said 

7 W , 7|— >00 

to be divergent. 

The fundamental theorem in the theory of double sequences 
is Stolz’s principle of convergence, which may be stated as fol- 
lows. The necessary and sufficient condition for the convergence of 
the double sequence is that, given any qyositive number e, there 
should exist an integer M depending on e, such that the ineq'iiality 
< € holds whenever p '> m > M and q'::^ n^ M. 
The condition is obviously necessary. To show that it is also 
sufficient, we observe that it implies that the simple sequence 
1 , 52,25*--5 converges to a finite limit s, say. Accordingly, 

there exists an integer such that < Je when 

n > Aj. 33ut, by hypothesis, there also exists an integer Ag 
such that < ' 2 ^ when p > q > n '> Ag. 

Hence, if A is the greater of A^ and we have |5— < e 
when p > N, q > N, and so s^ ^ converges to the limit s. 

It follows immediately from the definition that if s^^ ,^ be a 
convergent double sequence for which both the repeated limits 

lim / lim , lim ( lim 

exist, each repeated^ limit is equal to the limit of the double sequence. 
For if s is the limit of the double sequence the inequality 
^ holds when m and n exceed a certain integer M. 
But since lim y, exists, this gives 

n — >-00 

I < e 

ln->oo I 

when m > M. This, however, implies that 
Urn (lim«„,„\ = s. 

A similar argument shows that the other repeated limit is also 
equal to s. 
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The existence and equality of the repeated limits of a double 
scqiKTieo do not imply that the sequence is convergent. For 
instance, if 

both rej)eatcd limits arc equal; but since 

o J Q 2 

" 4> ®2w,n 9» 

the double sequence is not convergent. Again, the example 

= (-1 )’"+"(- + -] 
n] 

shows that a double sequence may be convergent even though 
ncitlier repeated limit exists. 


2.51. Double series 

By a double seric's, we understand an arraj^ of complex num- 
bers of the form , 

"o,o“r^^o,i+^o,2+**- 

“H^'2,0+^'2,1+^2,2+-*- 


there being an infinite number of rows, each containing an 
infinite number of terms. Associated with such an array is the 
double sequence of i)artial sums 


=-■ i I 

m ~0 71 ~0 

where p and q are })ositive integers. The double series is said 
to be convergent if the double sequence ^ converges to a finite 
limit s. We then call s the sum of the series and write 


00 

77},n~0 

A double series whicli is not convergent is said to be divergent. 
If the repeated limit 


lim(lim^ ) = i (f a,„„) 

exists, its value is called the sum by rows of the double series. 
Similarly, if 
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exists, it is called the sum by columns. It follows from § 2.5 that 
if a double series is convergent and is summable by rows and by 
columns, all three sums are eqmil. (Pringsheim's theorem.) 

Example. Prove that the sum of a convergent double series of 
positive terms can be obtained by summing by rows or by columns. 


2.52. Absolutely convergent double series 

A double series ^ ^tn,n complex terms is said to be abso- 
lutely convergent if | is convergent. An absolutely con- 

vergent double series is convergent. 

For if we denote by ^ the sum of the moduli of the terms 
which occur in then, by Stolz’s j)rincij)]e of convergence, 

if we are given a positive number e, we can find an integer N 

such that the inequality 0 < ^ ^ holds when 

p > m > N, q > n > N. But since J <: 

this gives € when j) > m > N and q '> n > A; 

hence the double series converges. 

We shall now show that an absolutely convergent series may 
be summed by rows or by columns. For since 

2 < 2 l«r.J 

s = 0 r,.s=-0 

no matter how large n may be, the series ^ ^r,s converges abso- 

6-0 

lutcly; let us denote its sum by A^,. Then 

m 

2 l^rl <22 l«r.sl <22 
r-^0 r-0 *• — 0 0 

no matter how large m may be. But this last expression is 
finite, since a convergent double series of positive terms can be 
summed by rows. Hence ^ ^4,. is absolutely convergent, and so 
the sum by rows of ^ a,. „ exists; similarly the sum by columns 
also exists. The required result now follows by Pringsheim’s 
theorem (§2.51). 

Example 1 . The double series 2 ®r.s is absolutely convergent with 
sum S. Show that, if 

~ ^ ®r,8» 

then -> as n 00 . 
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QO OD 

Example 2. Show tliat, if ^ 'EK are two absolutely con 
vorgt'ni scries witli sums A, B resp('ctivcly, then 

cr) 

2 (^1 ^n— 1 ^2 "h ) 

1 # 

is a])soliitely convergent and has sum AB. (Cauchy.) 
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MISCELLANEOUS EXAMPLES 

1. Show that the senes 2 t’onverges absolutely when |c| < land 
also w'lH'n |;3| “ 1 and Rip > 1, but that it diverges whem j^l > 1. 

Prov(’ also that if |c:| — 1, z y 1, the series corivprg(‘s, but not 
absolutely, when 0 •: Rip ' 1; and that it div^erges wlu'u Rip 0. 

Finally .show that, when s =- 1, the sera\s converges only if Rip > 1, 
wlu'u it is absolutely convergent. 

2. Prove that, if a,^ is never zero and 

where aj„ is boundc'd, p > ] , and p is a comjilex constant, then a^ ?i~ ^ — > I 
0) as n — > 00 . 

Hence show that the, stories ^a^^ converges if and only if Rip <C*"1, 
and that it is then absolutely convcTgent. 

3. Provo that the binomial serii's 

^+^-1 >'(•'- 1 ) 1 , + 1 Ki '- 2 )?’ + ... 

converges absolutely -when ]c| ] and diverges when |s| > 1. Show 
also that, on |:| = 1, the .s(>rie.s is absolutely convergent if Rlv > 0, 
convergent if — 1 < R1 1 , t' 0 and z ^ — 1 , and div'orgont if R1 v < — 1 . 
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4. Show that the hypergoometrio series 

1 + 


where (a)^ = a(a+ l)(cx+2)...(a+n— 1), converges absolutely when 
l^l < 1 and also when |z| == 1 and Rl(y— a— jS) > 0, but that it diverges 
when \z\ > 1. Discuss also the convergence of the series on |z| = 1 
when RI(y— a— /S) < 0. 

5. Provo that, n~'^ is convergent and Rlz > R1 /r, then J 

is also conv(irg('nt. Show by an ('xam})le that the latter series is not 
necessarily convergent when R1 z = R1 /x. 

6. Show that, if 

J(z,n) 

and z is not zero or a positive integer, the series and 

2 a„( — arc either both convergent or both divergent. 

7. Prove that, if ^ 

^ sl2'+l)(H-2)...(s-fT) 

and z is not zero or a negative integer, the series and 

2 % either both convergent or both divergent. 

8. Show that, if -> ^ as n oo, then 

A2-\~ AJ^)jn -> A, 

More generally, prove that, if A^-> A, B, then 
(^1 + + + ^\)h^ AB, 

00 on 

9. The series 2 convergent with sums A and B re- 

1 1 

spcctively. Show that, if 

and = Ci+<^2+-+Cn, 

then lim ( (7^ (72“|“ ••• "b ~ AB» 


Deduce that, if 2 is convergent, its sum is AB. (Abel’s theorem.) 

1 

10. Show that it is sufficient for the convergence of the series 2 
lilx. 9, that one of the series 2 ®7i» 2 absolutely convtTgent.f 
(Merten’s theorem.) 


t Compare the result of § 2.52, Ex. 2. 



CHAPTER III 

FUNCTIONS OF A COMPLEX VARIABLE 


3.1. The definition of a function 

When wc say that w is a function of the complex variable z, 
d(‘fino(] in a domain 1) of the Argand plane, wc mean that we 
can calculate tlu^ value of w at each i)oint z of D by a given , 
rul(^ or set of rules. For example, the greatest integer less than ' 
I;:] is a iunctioii of the coinidex variable in this general sense. ' 
This (l(‘finition is, liowever, far too wide for our present ])ur- 
poses. P\)r it iin])Ii(‘s that, if z then w is of the form 

u{x,y)^-iv{xjj), where n and v are real functions of the real 
variables x and y of the most general possible type. In the 
])res(‘nl. ehaj)tei‘ we eonsidcT how this definition may be modified 
so that tlie nu^thods of the differential calculus of functions of 
a single rc'al variable may also ))e a])plieable, as far as possible, 
to functions of a com])lex variable. 

3.2. Continuous functions 

A function f{z), defined in a bounded closed region D of the 
Argand plane, is said to tend to a limit I as z tends to a point 
Zq of J) along any ])ath in 1), if, given any positive number c, no 
matter how small, w(* can find a number 8, depending on e and 
S(,, such that the inequality 

l/(^)~/l < e 

holds for all points :: of 1), other than Zq, which belong to the 
region S. When this is the case, we write 

lim/( 2 :) = I 


This definition says nothing wdiatever about the value of f{z) 
at Zq, and, in general, I need not be equal to f{zQ), But if fiz^) = I, 
we say that the iunctioii is eontimious at Zq. In other words, 
the function f{z), defined in the hounded closed region D, is said 
to be co7}tinuons at a 'point z^ of D, if^ given any positive number 
e, tre can find a lumber 8, depending on e and Zq, such that the 
ine^alUy ^ ^ 

holds at all points z of D in the neighbourhood \z—Zq\ <i 8 of Zq, 
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If a function is continuous at every point of a bounded closed 
region D, it is said to be continuous in D, 

It should be observed that a function of the complex variable 
z = x+iy, continuous in a region D, is necessarily a continuous 
function of x when y is constant and also a continuous function 
of y when x is constant. But continuity with respect to x and y 
separately does not imply continuity with respect to z. An 
instance of this is provided by the function 

/(z) = (z ^ 0), 

= 0 (z = 0), • 

which is a continuous function of x and y separately. But since 
f{z) = m/(l+m2) on the line y = mx, f(z) is certainly not a con- 
tinuous function of z at tlic origin. 

Example 1 • Show that the function defined by the equations 

/(") = -7^ »)• m = 0 

is discontinuous at the origin. 

Example 2. Show that the function defined by the equations 
f(z) = + (z 0), /(O) = 0 

is continuous at tfio origin. 

Example 3. The functions f{z) and g(z) arc continuous at Zq. Show 
that f{z)-\-g{z) and f{z)g{z) arc also continuoiLS th(Te. Provo also that 
f(z)lg(z) is continuous at Zq if zero. 

3.21. Uniform continuity 

We have seen that, if/(z) is continuous in the bounded closed 
region Z>, then, given any positive number € and any point z 
of Z>, we can find a positive number S(e, 2 ), depending on e and 
2 , such that the inequality 

\m-m\ < ^ 

holds whenever z' is a point of D in the neighbourhood 
\z' —z\ < 8(6, z) of the point z. In point of fact, there are an 
infinite number of such numbers S(6, z)\ for if the property holds 
with 8(6, z) = 8', say, it also holds when 8(6, z) < 8'. Let us now 
denote by A(6, z) the largestf of the numbers 8(6, z) ; it is a positive 
function of the complex variable z defined at each point of D. 

t The existence of the largest of the numbers Sfc, z) is readily proved by 
means of a Dedekind section of the real numbers. 
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There are two possibilities regarding the behaviour of A(€,z) 
in the region D. Either there exists a positive number 7^(e), 
depending only on e, such that the inequality A(e,z) ^ rj(€) 
holds at every point of I), or else there exist points of D at 
which A(€,z) takes values as small as we please. 

If the second alternative is true, we can find a sequence of 
points Zj, 22,..., 2,,,... of IJ, for which A(€,zJ < (i)^. Since D is 
bounded, this sequence possesses at least one limiting point 
by the Bolzano-Weierstrass theorem; moreover, since D is 
closed, ^ is a point of D. 

But since f(z) is continuous at there exists a positive number 
8 such that the inequality 

l/(=^)-/(OI < h 

holds wlicncver z is a point of D in the region [2— ^ | < 2S. Now 
let 2 be any point of J) for which |2— C 1 < S. Then, for all points 
z' of D such that I2'— 2| < 8, we have \z'—^\ < 28, and so 

l/(=')-/(2)l < \f{~')-M)\+\M)-f{z)\ < e. 

From this it follows that A(e,2) 8, whenever 2 is a point of 

in the neighbourhood I2— < 8 of the limiting point But 
this is impossibh', since there are joints of the sequence z^, z^,... 
in every neighbourhood of The second alternative is thus 
untenable. 

We have thus shown that, if f{z) is continuous in the bounded 
closed region I), then given any positive number e, we can find 
a positive number rjie), depending only on c, such that the inequality 
l/(2')-/(z)| < € holds for every j^air of points 2, 2' of D for which 
I ^ Ib other words, we can choose the number 8(£, 2) 
so that it has the same value at each point of D. This property 
is usually stated in the following form: a function which is con- 
tinuous in a bounded closed region is uniformly continuous 
there. f 


3.22. Bounded functions 

A function /(2), defined in a domain D, is said to be bounded 
in Z) if there exists a positive constant A' such that the inequality 
l/(^) 1 ^ K holds at each point 2 of Z). 


t For the equivalent theorem concerning functions 
Hardy. Pure Mathematics (1921), 189-90 (Theorem II). 


of a real 


variable, see 
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If f(z) is continuous in a bounded closed region D, it is bounded 
in D. For if not, we could find a sequence of points 
of D such that \f(z,^)\ ^ 2^, and this sequence would possess at 
least one limiting point ^ belonging to D. This is, however, 
impossible since f{z) tends to a finite limit as z -> ^ . Hence the 
result. It should be observed that this result is not necessarily 
true if the region is not closed; for example, 1/(1— z) is con- 
tinuous when |z| < 1, but is not bounded there. 

3.23. The symbols 0 and o 

The notation J{z) — 0(1) as z -> a’ means that /(z) is bounded 
in a neighbourhood of the point a; more precisely, there exist 
positive numbers A and S, independent of z, such that |/(z)| < A 
when \z—ol\ < 8. Similarly ‘/(z) — 0(1) as z ->oo’ means that 
f(z) is bounded in a certain neighbourhood of the point at infinity. 

If f(z)l(f)(z) = 0(1) as z~>a, we shall sometimes write 
f(z) =^. 0{\4,{z)\). 

When, however, f{z)l<j>(z) tends to zero as z -> a, it is usual to 
write /(z) = o(|^(z)|). Thus z^ = o(|z|) as z 0, but z = o(\z\^) 
as z 00 . 

3.3. Differentiability 

We shall now consider whether the definition of the derivative 
of a function of a single real variable is applicable in the theory 
of functions of a complex variable. If /(z) is a one-valued func- 
tion, defined in a domain 1) of the Argand plane, we say that 
/(z) is differentiable at a point Zq of D if the increment-ratio 

/(z)- /(zo) 
z— Zo 

tends to a finite limit as z tends to Zq in any manner, provided 
that z always remains a point of D. 

More precisely, we require that there should exist a number 
I with the following property: given any positive number e, no 
matter how small, there must exist a positive number 8, de- 
pending on e and possibly on Zq, such that the inequality 

|/(z)-/(Zo)_; 

Z— Zft 

holds whenever z is a point of Z) in the neighbourhood Iz—ZqI ^ 
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of the point Zf^. When this is the case, we call I the derivative 

of f{z) at 2,,, and denote it hy /'( zq). 

In order that a function should be differentiable at a certain 
point, it must be continuous there; for otherwise the increment 
ratio would certainly not tend to a finite limit. On the other 
hand, continuity does not imply differentiability. A simple 
instance of this is provided by the continuous function \zl^, 
which is differentiable at the origin, but nowhere else. For when 
z -f Zq and z^^ 'f~ 0, we have 



— 2 + 2 y(c()s 2 a— isin 2fx), 


w'Iktc a arg(2— 2o)* and this expression does not tend to a 
uni(ju(‘ limit as z-> Zq in any manner; but when Zq is zero, the 
increment ratio is 5, which tends to zero with z. 

Example. Show that \z\ and arg 2 arc not differentiable anywhere. 

3.31. The definition of an analytic function 

1 f a function is one-valued and differentiable at every point 
of a domain 1) of the Argand plane, save possibly for a finite 
number of exceptional points, we say that it is analytic in the 
domain D, The exceptional points are called the singular point§ 
or singularities of the function. 

If, however, no point of Z) is a singularity of the analytic 
function, we then say that it is regular in D, 

When wc are dealing with functions which are analytic or 
regular in a domain, we shall often find it more convenient to 
use the ordinary notation 

dm 

dz 

for the derivative of f(z), instead of f{z). 

Example 1 . Show that, if f{z) and g(z) are analytic functions, regular 
in a domain D, then f{z)-\-g(z) and f(z)g(z) are also regular in D, and 
that their derivatives may be calculated by the ordinary rules of the 
calculus. 

Prove also that /( 2 )/gf( 2 ) is regular in D, provided that g{z) does not 
vanish there. 
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Example 2. Prove that, if w is a regular function of which is 
itself a regular function of z, then is a regular function of z and 

dw dw d^ 
dz dl^ dz' 

3.32. Polynomials and rational functions 

One of the simplest analytic functions is where w is a 
positive integer. This function is regular in every bounded 
domain, and has derivative for when z ^ Zq, 

as z -> Zq. Similarly, we can show that z"’’, where is a positive 
integer, is analytic in every bounded domain and has but one 
singularity, the origin; its derivative is — nz“^~^. 

By using the result of § 3.31, Ex. 1, wc find that the function 
+ where 72. is a positive integer and the 

coefficients Uy are constants, is also an analytic function, regular 
in every bounded domain. Such a function is called a poly- 
nomial in z of degree n. It will be shown in §6*21 that this 
polynomial is expressible uniquely in the formf 

where the numbers Zj, Zg,..., z,^ are certain constants, depending 
only on the coefficients a^. Since the polynomial vanishes when 
z = Zj., we call z^, Z2,..., z„ the zeros of the polynomial. 

The quotient of two polynomials is called a rational function. 
Such a function is also an analytic function, its only singularities 
being the zeros of the denominator. 

3.33. Power series 

An infinite series, proceeding in ascending integral powers of 
z, of the form 

aQ+a^z+a^z:^+...+a^z'^+...y 

where the coefficients a^, a^, Ug,... are all constant, is called 
a power series.X By Cauchy’s nth root test (§ 2.42), this series 

t Seo also Hardy, Pure Mathematics (1946), 86, 492. 

t The conclusions of this section will also be true of power series of the 
00 

form 2 — a)”, the obvious changes being made. 

0 
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converges absolutely when hrn < 1 and diverges when 

lim |a„s''p'" > 1. Hence, if 

lim = R, 

the series is absolutely convergent when | 2 | < iZ and divergent 
when |sj > i?. The number R is called the radius of convergence, 
of the power series; the circle | 2 | = i? is its circle of convergence. 

There are three cases to be considered, viz. (i) i? = 0, (ii) R 
hnite, (iii) R infinite. The first case is quite trivial, since the 
series is then convergent only when 2 = 0. In the third case 
the series converges for every finite value of 2 . 

Wo shall now show that, if a power series has a non-zero radius 
of convergence, its sum is an analytic function regular within its 
circle of convergence. 

GO 

Let /(;:) be the sum of the power series which has 

0 

a non-zero radius of convergence J?. Obviously /(a;) is one-valued 
when |;:| < iJ; wc have to show that it is continuous and dif- 
ferentiable at every point of the domain \z\ < where -8^ is 
any finite positive number definitely less than R, 

Now choose a number R^ such thatf 0 < R^< Re»< R. 
If \z\ R^ and \h\ R^—Ri, we have \z+h\ ^ so 

f(z+h)~f(z) = la,(z+hr-fa.,z- 
0 0 

+ (2 + /t)2”-2+Z«-l}. 

From this, it follows that 

\f{^+h)-f{z)\ < \h\2nK\R^-K 

1 

But this series of positive terms is convergent, sincej 

rim{«la„|i?”-i}i/« = :^ < 1. 

a 

Hence \f(z+h)-f(z)\< A\h\, 

where A is independent of z and h, and therefore f(z) is con- 
tinuous when \z\ R^. 

t If is infinite, it is conventional to interpret the inequality as meaning 
that ifg is finite and greater than i?i. 

t We use hero the well-known result that lim = 1. 
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Now the increment ratio {f{z-{-h)—f{z)}lh tends formally to 

00 

2 as 0. Accordingly, we consider the expression 


1 1 ^ ' 


where z and h satisfy the same conditions as before. By the 
use of the binomial theorem, we see that 

and so 

+ < \mnCrW-^\hY-- 


\mnCrW-^\hY-- 

2 


0 

< \n(n-\)\hCf l2|«-»-2|7il» 

0 


= ln(n-^l)\h\{\z\+M^^-^ 

Hence 1-^1 ^ == ^\Mi 


say, where B is finite and independent of z and h, since the 
scries ^n[7i—\)\aj^\Rl~^ is convergent. But this implies that 

1 tends to zero witli h. We have thus shown that 

(X) 

f'(z) = 

1 

provided that | 2 | i?i, where is any number less than the 
radius of convergence of the given power scries. This completes 
the proof of the theorem. 

Now, since lini = Im 

the series 2 same radius of convergence R as 

the series whose sum is f{z). Hence, if we apply the 

theorem to the derived series, we see that/' ( 2 :) is itself an analytic 
function, regular when \z\ < R, and that its derivative is 

2 and so on. Thus the derivative of f(z) of any 

order p is regular when l^j < ii, and is given by the formula 

fip 00 

T.r,/(^) "" J, n(n--\)(n—2)...(n—p+l)a,,z‘^-P. 

(La,' n-p 
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In other words, a power series can be differentiated term by term 

as often as we please at any point within its circle of convergence. 

The results of this section can be proved more quickly by 
using the properties of uniformly convergent series. See § 5.2 
and § 5.21. 

Example. Show Uiat, if -> i? as n -> oo, then E is the radius 

of converRcnoo of the power series (This result often provides 

a simple method of calculating the radius of convergence of a power ' 
series.) 

3.4. The Cauchy-Riemann equations 

We have just seen that the sum of a power series with a non- 
zero radius of convergence is an analytic function, regular within 
its circle of convergence. The converse theorem, that an analytic 
function, regular in a neighbourhood of a point Sq, can be ex- 
pressed as a power series of the form 

f «»(2-2o)" 

0 

w ith non zero radius of convergence, is also true, and will be 
j)roved in § 4.5. Thus the whole of the theory of analytic func- 
tions can be made to depend on power series. 

For sojne purposes it is, how^ever, more convenient to make 
use of an alternative method of defining analytic functions 
w hich depends on the theory of continuous functions of two 
real variables. We shall suppose that the reader is acquainted 
with the elements of this theory. 

Let us suppose that, when z = x+iy, the function f{z) is 
expressed in the form v(x,y)-{-iv{x,y)j where u and v are real 
functions of the two real variables x and y. Now if f{z) is dif- 
ferentiable at a given point z, the increment ratio{/ {z-{-h) —f(z)} jh 
tends to the limit /'(z) as h 0. If we take h to be real, this 
implies that the expression 

u{x+h,y)—u{x,y) , :V(x+h,y)—v(x,y) 
h +* h 

tends to /'(z) as A- -> 0. Hence the two partial derivatives Uj., 
must exist at the point (a;, y)j and the derivative is then given by 

/'(z) = u^{x,y)+iv^{x,y). 
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Similarly we find, by taking h to be purely imaginary, that 
Uy, Vy must exist at {Xy y) and that 

/'(z) = Vy{x,y)—iUy(x,y). 

The two expressions for f'{z) so obtained must, however, be 
identical. Equating real and imaginary parts, we find that 

These two relations are called the Cauchy-Riemann differential 
equations. Welmycthusshov/nthsitfor the function f(z) = u+iv 
to be differentiable at z ^-i-iy, it is necessary that the four partial 
derivatives u^y Vj., Uy, Vy should exist and satisfy the Cauchy- 
Riemann differential equations. 

That the conditions of this theorem are not sufficient is shown 
by considering the functionf defined by the equations 

/(*) _ ^ 0 ), m - «. 

This function is continuous at the origin, and the four partial 
derivatives exist there and have values f 

Uj, == 1 , Uy — 1 , = 1 , Vy 1 , 

satisfying the Cauchy-Riemann equations; yet, as the reader 
will easily verify, the derivative /'(O) does not exist. 

3.41. Sufficient conditions for a function to be regular 

We shall now show that the continuous one-valued function 
f(z) = u-\-iv is an analytic function of z = x+iy, regular in a 
domain D, if the four partial derivatives u^y v^y Uyy Vy existy are 
continuouSy and satisfy the Cauchy-Riemann equations at each 
point of D. 

Let z = x-\^iy and z* = aj'+ij/' be two points of D. Then, 
since Uy exist and are continuous, we have, by the mean- 
value theorem for functions of two variables, 

'ii(x',y')—u(x,y) = {ujx,y)+f}{x'—x) + {u^[x,y)+r)}{y’—y), 

t This example is due to Pollard, Proc. London Maih. Soc. (2) 28 (1928), 
169-60. 

t It should be remembered that Wj.(0, 0) is, by definition, equal to 

lim {u{x,0)—u{0,0)}lx — lim {xjx) = 1. 

*->0 >-0 
Similarly for the other derivatives. 
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where e and r] tend to zero as z' -> z. Similarly, 
v{x',y')-v{x,y) = {vjpi:,y)-\re}{x' —x) + {Vy{x,y)-\-q'}(y' —y), 

where e' and 7 ;' also tend to zero. Hence, by the Cauchy- 
Riemann equations, we obtain 

/(2')-/(z) = K(^.2/)+w*(a;,^)}(2'-z)+a», 
where w — (€+'i€')(x'— ?/), 


and so 
Now 


/(2')— /(2) 
Z'-Z 







f^+i\v\ + W\) 


\ y'-y \ 

Iz'-zl 


kf+KI+bl+h'l- 


Hence 


&lzM 




as s' . Thus /(s) is differentiable at each point of D\ this 
completes the proof of the theorem. 

Example. Tlio function f(z) is regular in a domain D, where its 
derivative is idt'iitically zero. Show that/{2) is constant in I). 


3.5. The exponential function 

We now introduce the exponential, logarithmic, and trigono- 
metric functions of a complex variable by means of power series. 
We shall assume that the reader is well acquainted with the 
properties of the corresponding functions of a real variable, and 
shall show how these properties can be extended into the com- 
plex domain. 

Ihe exponential function exp 2 is defined by the power series 



71 = 1 

By using the ratio-test (§ 3.33, Ex.), we find that the radius of 
convergence of this power series is infinite. Hence exp 2 is ain 
analytic function which has no singularities in any bounded 
domain in the 2 -plane. 

When X is a real number, exp a; is identical with the function 
c o e ementary algebra. We shall often find it convenient to 
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write for exp 2, when z is complex, since exp 2 obeys the 
multiplication law 

exp 2 exp 2' = exp(2+2'), 

which is of the same form as the law of indices in algebra. 

To prove this, we observe that, if we differentiate term by 
term, we find that the derivative of exp 2 is exp 2. Hence, if 
a be any finite constant, the derivative of the function 

f{z) ^ exp 2 exp(a— 2) 

is identically zero, and 80/(2) is a constant whose value, exp a, 
is found by putting 2 = 0 . We have thus shown that 
exp2 cxp(a— 2) = expa, 
or, writing 2' for a— 2, that 

exp2exp2' = exp(2+2'). 

This result is usually called the addition theorem of the exponential 
function.‘\ 

An important consequence of the addition theorem is that 
exp 2 never vanishes. For if exp 2 vanished wlien 2 = 2^, the 
equation , v , 

^ exp2iexp(--2i) = 1 

would give an infinite value for exp(— 2^), which is impossible. 


3.51. The trigonometrical functions 

It follows from the geometrical definition of the trigono- 
metrical functions of an angle of circular measure x that J 


sin a; 


X- 


= 2 “ 2 Mi’ 

n =-0 ' ' ' 71 = 0 ' ’ 

for all values of the real variable x. We now define the trigono- 
metrical functions of a complex variable 2 by the equations 


y2n 


2 - 
( 27 ^)'!- 


“""“2<-'>"r2»+i)!’ <=»» = 2<-'>’ 

71 = 0 ' ‘ ' 71 = 0 

Since the radius of convergence of each of these power series is 
infinite, sin 2 and cos 2 are analytic functions of 2, regular in 
every bounded domain of the Argand plane. Moreover, we see 


t The addition theorem can also be proved by using Cauchy’s theorem on 
the product of two absolutely convergent series (§ 2.52, Ex. 2). 

t See, for example, Hobson, Plane Trigonometry (Cambridge, 1911), 131-4. 
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at once by term-by-term differentiation that the derivatives 

of sinz and cosz are cos 2 : and — sinz. 

The other trigonometrical functions are then defined by the 


equations 

, sin 2 

tanz = , 

cosz 


cotz — 


CO8Z 

sinz ’ 


I 

see z = , 

cosz 


cosec z = 


1 

sinz* 


Obviously sinz, cosec z, tanz and cotz are odd functions of z, 
cosz and secz even functions. 

If wc use the result of § 3.31, Ex. 2, we find that tanz and 
s(‘cz arc analytic functions, regular in any domain in which cosz 
never vanishes, their derivatives being 8ec“Z and secz tanz re- 
spectively. Similarly cotz and cosec z are regular in any domain 
ill which sin z never vanishes and have derivatives —cosec^z and 
— cosec z cotz respectively. 

If we denote exp(iz) by e'- in accordance with the convention 
of § 3.5, the equation.^ defining the sine and cosine become 

sinz = cosz = 

From these formulae and the addition theorem for expz, it 
easily follows that the fundamental identity 


sin^z+cos'^z = 1 


and the addition theorems 

sin(z-fz') — sin z cos z' + cosz sinz', 
cos(z+z') cos z cos z' — sinz sinz', 

still hold when z is comjilex. As all the elementary identities of 
trigonometry are algebraical deductions from the fundamental 
identity and the addition theorems, these identities still hold 
for the trigonometrical functions of a complex variable. 
Example. Prove that, if z -- where x and y are real, 

= e*'(cosi/ + isin2/). 


3.52. The hyperbolic functions 

When 2 is real, the hyperbolic functions are defined by the 
equations 

sinhz — ^(e-— e”^), coshz = tanhz = sinhz/coshz, 

cosechz = 1/sinhz, sechz = 1/cosh z, cothz = l/tanhz. 
We now define the hyperbolic functions for all real or complex 
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values of z by these equations, the symbol e® being now inter- 
preted as meaning the function expz. 

The hyperbolic functions of the complex variable z are all 
analytic functions, and their derivatives have the same form as 
in the theory of the hyperbolic functions of a real variable. It 
should be observed that sinhs and cosh 2 : are regular in every 
bounded domain. On the other hand, tanhz and sechz have 
singularities at the points where coshz vanishes, and cothz and 
cosechz at the points where sinhz vanishes. 

The equations 

siniz = isinhz, cosiz = coshz, 
sinhiz = isinz, coshiz = cosz, 
which the reader will easily prove, are of great importance as 
they enable us to deduce the properties of the hyperbolic func- 
tions from the corresponding properties of the trigonometrical 
functions. 


3.53. The zeros of sinz and cosz 
If z = aj+iy, where x and y are real, we have 
sin z = sin cosh y -\-i cos x sinh y , 
and so sin z vanishes if and only if 

sin a; coshy = 0, cos x sinh y = 0. 

But since cosh y 5^ 1 when y is real, the first equation implies 
that sinx is zero, and so a; = titt, where n is an integer or zero. 
The second equation then becomes sinhy = 0, and this has but 
one root, y == 0, since sinhy increases steadily with y. We have 
thus proved that sinz vanishes if and only if z = utt, where 
n is a positive, zero, or negative integer. Moreover, by using 
the addition theorem for sinz, we see that 


sinz ^ sin(z— nTr) 

z — niT z — mr 


= (- 1 )” 2 


r = 0 


(z—mrf'' 

(27+1)! 


which tends to (—!)"• as z -> nn. 

It follows that the only singularities of cotz and cosec z are 
at the points z = mr. The behaviour of these functions near 
a singularity is exhibited by the equations 

(z—nir) cosec z ->• ( — 1 )™, (z—nn) cot z -> 1 

as z nn; the proof of this is left to the reader. 
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Similarly we can show that cos 2 vanishes if and only if 
z = (n+ J) 7 r, where n is an integer or zero. It follows that the 
only singularities of tan 2 : and see z are at the points z ~ (n~\- ^)7r, 
and that 

[z—{n-\-\)Tr]iQi\z-> —1, { 2 — (w+JMsecz -> (— 1)^+^ 

as z “> 

Example 1. Show that tho only singularities of coscchs and 00th s 
are at the points z mri, where n is a positive, zero or negative integer, 
and that, as z — > wtt?', i 

(z — nTTi) cos(;ch 2: — > ( — 1 )”, (2 — mri) coth 2 1 . ■ 

Example 2. Prove that the only singularities of sech 2 and tan)^2 
arc at the points 2 - (n-\-\)TTi, where n is a positive, zero or negati'slro 
integer, and that, as 2 — > (n-f Dni, 

[z — (n H- ^ )tt{] seeh 2 —>?’( — 1 {2 — (ri + i)7r'/} tanh 2 — > 1 . 

The periodicity of exp 2 

The real or complex number y is said to be a period of the 
function /( 2 ) if the equation /( 2 +y) = f(z) holds for all values 
of 2 . We shall now sliow that exp 2 is a periodic function, its 
2 )eriods being ^mri, where n is an integer. 

For, if y ~ oL~\-ip be a period of exp 2 , we have, by the 
addition tlieorem, 

exp 2 exp( 24 -y) — exp 2 exp y, 

so that expy — 1. But this equation, when written in the form 
c“(cosj84-isin j3) — 1, implies that 

6“cosj3 = 1, e“sinjS = 0. 

If we square and add, we find that ^ i ^ _ q 

number jS is thus given by the equations 

cosjS ~ 1, siiijS = 0. 

Hence ^ = 2n7T, where n is an integer. This proves the theorem. 

3.55. The logarithmic function 

When X is real and positive, the equation — x has one real 
solution, which is called the logarithm of x and is denoted by 
log:r. When, how^ever, 2 is complex, the corresponding equation 
exp w = z has an infinite number of solutions, as we shall now 
show; each solution of this equation is called a logarithm of 2 . 
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To find the solutions of this equation we write v: — u+iv, 
where u and v are real, so that 


c”(cos v+isini^ = z. 


From this it follows that v is one of the values of 
= \z\ and so — log \z\. Every solution of the 

w ~ loglzl+targs;. 


thus of the form 


arg^r, whilst 
equation is 


Since args has an infinite number of values, there are an infinite 
number of logarithms of the complex number each pair dif- 
fering by a multiple of 27ri. 

We shall write 

Logz loglsJ+iarg.z, 

so that Log;: is a function with an infinite number of values 
corresponding to each value of Each determination of Log z, 
obtained by making a special choice of the many-valued func- 
tion argz, is called a branch of the logarithm. The most im- 
portant branch is the principal value of the logarithm of z, which 
is obtained by giving to argz its principal value. We shall 
denote this principal value by logz, since it is identical with the 
ordinary logarithm when z is real and i)ositive. 

Now the function log| 2 [ is continuous except at the origin; 
but as z -> 0, log \z\ -> — 00 . Again the principal value of argz 
is continuous except at points on the negative half of the real 
axis; for, if x < 0, y > 0, we have 


Iimarg(x4-i2/) ” tt lim arg(x— iy) 

y - ->0 J /-+0 

Hence, if z 0 and z' ->z along any path which does not cross 
the negative half of the real axis, then logz' logz. But if the 
path from z' to z crosses the negative half of the real axis once, 
logz' -> logzJ:27ri, where the sign is -f or — according as the 
path crosses from above to below or from below to above. Thus 
we can pass from the principal value to any other branch of 
Logz by making a sufficient number of circuits about the origin. 
For this reason, the origin is called the branch point of Logz. 

To avoid this difficulty, we now make a cut along the real 
axis from — oo to 0, across which it is impossible to pass. Then, 
if D is any bounded domain in this cut plane, so that no 
point of the cut belongs to D, logz is one-valued and 
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continuous in D. If z and z' are any two points of D and if 
w and w' denote logz and \ogz' respectively, then w' as 
z* -yz along any path in D. Hence 

w'—w __ w'—w J / exp w ' — expw 

z' —z exp?^;' — expw; / w*—w 

-y l/expi/; = Ijz 

as 2 ' -> 2 . Thus log 2 is an analytic function, regular in D, which 
has the function I /2 for derivative. , 

Example 1 . Prove that a value of tho logarithm of zz' is log z + Ipg 2 ', 
but that this is not necessarily the principal value. 

Example 2. Show that log(l — 2 ^) is a regular analytic function pro- 
vid(!d that the 2 -plane is cut along the real axis from — 00 to — 1 and 
from +1 to ^-oo. Discuss how the function behaves when circuits' are 
made about the points 1 and —1. 


3.56. The poWer series for log(l+ 2 ) 

Wc have just seen that log(l+ 2 )' is an analytic function which 

is regular in the 2 -plane, supposed cut along the real axis from 

—00 to —1, and which has derivative 1/(1 + 2 ). In the region 

| 2 | < 1 this derivative can be expanded as a convergent power 

senes •% 1 <> ^ 1 

1—2+2“— 2^ + ... . 


But, by § 3.33, the sum of this power series is the derivative of 
the function 


m-= 


z^ 


- 2 + 3 -••• + (- - 1 )" 


zn+l 

n-\-\ 


whenever the latter series converges. 

Now the radius of convergence of the power series defining 
f{z) is unity. Hence 


F{z) =/(2)— log(l+2) 

is an analytic function which is regular and has zero derivative 
when [zj < 1. It follows that F{z) is a constant, whose value 
is found to be zero by putting z = 0. We have thus shown 
that log(l+z) can be represented by a power series 


log(l+z) 2 


2 “ 2 ** 

2 + 3--+(-1^ 


2"+^ 

n-\-l 


convergent when \z\ < 1, 
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3.57. The function 2 “ 

It follows from the definition of Logs that, when p is any 
integer, the function is a one-valued function of 2 , 

being equal to even though Logs is many-valued. If q is 
any other integer, the function 



is, therefore, a solution of the eciuation so that we 

might denote any branch of it by We shall, however, 

reserve this notation for the principal value of w, namely 



The other solutions of the equation are then of tlic form 

where h ~ 1,2, 3,..., g— 1 . Obviously each of these solutions can 
be obtained from 2 ^'/^ by making circuits about the branch-point 
0 of logs. 

We now define 2 ", for any real or coni])lex value of a, by the 
equation _ cxp(alog.). 

With this definition the law of indices still holds; for 

-- exp(a:log2)exp(/31og2) = expf(a+j3)log 2 } — 2 “+^. 

We saw in § 3.55 that logs is discontinuous on the negative 
half of the real axis, and that it suddenly decreases by 27ri as 
we cross this line from above to below. Hence, if x < 0 and 

!,>0.U,cn 

(;r— ^y)“ 

as 2 /-> 0 ; thus 2 “ is also discontinuous when 2 is real and 
negative, except in the case when a is an integer. It is, however, 
one-valued and continuous in every bounded domain D of the 
s-planc, supposed cut along the real axis from ~oo to 0. More- 
over, if we write the equation defining 2 “ in the form 2 “ — 
where ^ = logs, we see, by § 3.31, Ex. 2, that 2 “ is regular in 
L>, its derivative being given by 

d2“ 1 a_i 

= = ae“^— = CX2“ ^ 

dz dl dz z 
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Example 1 . Show that it is not necessarily the case that 

Example 2. Determine the branches and branch -points of the fvmc- 
tion(l-2*)‘/^ 
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MISCELLANEOUS EXAMPLES 


1. If 


x^y(y—ix) 


(2 7 ^ 0 ), 


/(O) = 0, 


prove that the inoroment ratio {/(-)— /(O))/;:: t(‘nds to zero as 2 : -> 0 along 
any radius v(‘ctor, but not as 2 0 in any manner. 


2. If z ---- reP\ f(z) =-■' u-\-iu, where r, 6, u, v are real and f(z) is a regular 
analytic function, show that the ('auchy-Riemann differc'iitial equa- 
tious are ^ j 

br r dO* idr r bd' 


3. Verify that the real and imaginary parts of l(jg 2 satisfy the Cauchy- 
Riemann equations when z is not zero. 

4. Prove that the fimction 


f(z) = 1+ y 


a(a— l)...(a— n-f- 1) , 
n!~ 


is regular when 1=1 < 1 and that its derivative is ocf(z)j[\-\-z). Hence 
show that the derivative of (l-(-s)““/( 2 ) is zero, and deduce that 

/(2)=(l+^)“. 

5. If n is any positive or negative integer or zero, and if 0 < e < Jtt, 

provt) that |e^/z^| tends to infinity as z tends to infinity in the angle 
— jTT+e < args r; ■€, but that |e7z”| tends to zero as z tends to 
infinity in the angle < argz < Itt—c. 

6. Prove that, if n is a positive integer and |z| < Jn, 


where 
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Deduce that 





as n -> 00, when lies in any bounded domain of the 2 -plano. 

7. Show that the general solution of the cejuation z = tante is 

Ij 1+^*2 

. 

2l 1—7Z 

Prove that each branch of this many-valued function is an analytic 
function, regular in the z-plane, supposed cut along the imaginary axis 
from — ooi to —i and from i to ooi, and that the derivative of each 
such branch is 1/(1 

Show also that, when |z| < 1, the principal branch is 



8. Provo that the conjugates of the com])le\ numb(Ts sinz and coss 
are sinz and cosz respectively, ilenco show that 

|sinz|2 = |(cosh 22 /— cos2.r), jcoszl^ = |(cosh 22 /+cos 2 x). 

9. Prove that 

ih|Imz| cosh(Imz). 

Deduce that |sinz| and |c()sz| tend to infinity as z tends to infinity in 
('itluT of the angles e argz * : tt— e, 7r + e \ argz 277 — e, whore 
0 • " e < J-TT. 

10. If f{z) = u-\-iv is an analytic function, regular in a domain D 
where /'(z) docs not vanish, prove that the curves 7i constant, 
?; — constant form two orthogonal families. 

Verify that this is tlic case when (i)f{z) — z^, (ii) f(z) ~ sinz. 



CHAPTER rV 


CAUCHY’S THEOREM 

4.1. Rectifiable arcs 

Before discussing Cauchy’s theorem on the integration of 
analytic functions of a complex variable, it is desirable to con- 
sider briefly how the length of a Jordan arc, whose equation is 
z == x{t)-\-iy{i), where to^t ^T, may be defined. Let z^, 
22 ,..., 2 „ be the points of this arc which correspond to the vy^lues 
< 0 , 1 2 ,- of the parameter t, where \ 

^0 ^2 ^w-1 ~ 

The polygonal arc which is obtained by drawing straight lines 
from Zq to Zi, from z^ to z^, and so on, is of length 

2 = 2 |2r-2r-l 

If 2 tends to a unique limit i as n -> oo and the greatest of the 
numbers to zero, we say that the arc is rectifiable 

and that its length is 1. 

It can be shown that the necessary and sufficient condition 
for a Jordan arc to be rectifiable is that the sums 2 should be 
bounded for all possible modes of subdivision of the range of 
values of the parameter.! In the present book, we shall, in 
general, be concerned only with rectifiable arcs of a more special 
tyj)e, namely Jordan arcs with continuously turning tangent. 
Such curves we shall call regular arcs, A regular arc is charac- 
terized by the fact that the derivatives x{t) and y{t) exist and 
are continuous over the whole range of values of t. 

We shall now prove that a regular arc is rectifiable by showing 
that the sum 2 does, in fact, tend to the limit 

T 

J dt, 

u 

The first step in the proof is to show that 2 made to 

t Proofs of this are given, for example, by P. Dienes, The Taylor Series 
(Oxford, 1931), 199-201; E. W. Hobson, Functions of a Real Variable (Cam* 
bridge, 1921), 1, 318-20; E. G. Phillips, Course of Analysis (Cambridge, 1930), 
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differ by as little as we please from the sura 

= 2 I*(<r)+i2/(<r)l(<r-*r-l). 

r=i 

by raaking the greatest of the numbers sufficiently small. 

We start with the inequality 

\{\Z\-\Z’\)\ < \Z-Z'\ 
of § 1.32, which obviously implies that 

\{\Z\-\Z’\)\ < \Rl(Z-Z')\ + \lm{Z-Z’)\. 

Hence we have 

4 = 1 { l2r-2r-l|- li(<r) + iy(<r)l(fr-fr-l)} 1 

, where x,. denotes x(t^), and so on. 

Now, by the mean-value theorem of the differential calculus, 

Xr-Xr-l = Vr-Vr-l = yK)(<r-<r-l). 

where and lie between and and so 

But, by hypothesis, the functions x(t) and f/{t) are continuous 
and hence also uniformly continuous. We can therefore assign 
arbitrarily a positive number e, as small as we i)lease, and then 
choose another positive number S, dej^endiug only on e, such 

m-x(n\ < e, \y{t)-y{t’)\ < e 

whenever < S. If the greatest of the numbers is 

less than 8, we find that 

I, < 

. and hence that 

1 2 - 2x I < i < 2e i = 2e(T-g. 

r=l r=l 

Finally, by the definition of the integral of a continuous func- 
tion, the sum tends to the limit 

T T 

J m)+im\ dt = \ di, 

u u 

as n tends to infinity and the greatest of the numbers 
tends to zero. Since, however, | 2 — I made as small 

as we please by making 8 sufficiently small, 2 i^^st also tend 
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to the same limit. We have thus shown that a regular arc is 
rectifiable and that its length is 

T 

J dt. 

4.11. Contours 

If A B and BC are two rectifiable arcs of lengths I and I' 
respectively, which have only the point B in common, the arc 
AC is evidently also rectifiable, its length being Z+Z'. Erom 
this it follows that a Jordan arc which consists of a finite number 
of regular arcs is rectifiable, its length being the sum of\the 
lengths of the regular arcs forming it. Such an arc we Ipall 
a contour. 

By a closed contour we mean a simple closed Jordan curve 
which consists of a finite number of regular arcs. Obviously 
a closed contour is rectifiable. 

4.12. Riemann’s definition of integration 

The fundamental operation of the calculus known as integra- 
tion arises in two distinct ways. The determination of the 
indefinite integral may be regarded as the operation inverse to 
that of differentiation. But in the applications of the calculus 
to geometry or physics, it is the definite integral, defined as the 
limit of a sum, which is of importance. In the theory of func- 
tions of a complex variable we start with the definition of an 
integral as the limit of a sum, and, later on, deduce the con- 
nexion between the operations of differentiation and integration. 

Although this definition of the definite integral had its origin 
in the work of the Greek mathematicians, it only attained a 
precise arithmetical form, satisfying modern standards of rigour, 
in the nineteenth century at the hands of Riemann.*|* We shall 
now explain Riemann’s definition of an integral, not, indeed, in 
its original form, but in one more suited for our present purposes. 

Let us consider a function f(z) of the complex variable s, 
which is not necessarily analytic but which has a definite finite 
value at each point of a rectifiable arc L, Let the equation of 
this arc be 2 = x{t)-\-iy{t), where t^^t ^T. We subdivide this 

t In his inaugural address of 1854 on trigonometric series. This is reprinted 
in his collected works (German edition (1876), 213-51). 
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arc into n smaller arcs by the points 2^, 22v, (= 

which correspond to the values 

^0 < < ^2 ••• ^ ^n-l < ^ 

of the parameter tj and then form the sum 
2 = i /(U(Zf-2r-l), 

r=l 

where is a point of L between and 2^. 

If this sum 2 tends to a unique limit J as n tends to infinity 
and the greatest of the numbers tends to zero, we say 

that J{z) is integrable^ from z^ to Z along the arc L, and we write 

J = jf{z)dz. 

L 

The direction of integration is from to Z, since the point of 
affix x{t)-{-iy{t) describes the axe L in this sense when t increases. 
Thus the numbers Z, Zq play in tliis theory much the same parts 
as the upper and lower limits in the definite integral of a func- 
tion of a real variable. Nevertheless, we do not write 

z 

J ^ j /( 2 ) dz] 

So 

for, as we shall soon see, the value of J depends, in general, not 
only on the initial and final points of the arc L but also on its 
actual form. 

The complex integral of a function f{z) along a rectifiable arc 
i, defined in this way, exists under quite general conditions, 
a sufficient, but not necessary, condition being that f{z) should 
be continuous on L, There is no need whatever to assume that 
the derivatives x{t) and y{t) exist. We shall not, however, prove 
this general result, J but shall only consider in detail the case 
when L is a contour. 

Example 1 . If i is any rec tillable arc joining the points Zq and Z, 
prove that 

J* dz ™ Z—Zq, j zdz = ^(Z^—Zq). 

L L 

t In particular, if L is a segment of the real axis, this definition reduces to 
the ordinary definition of the integral of a bounded function of a real variable. 

For a proof of this, see, for example, Watson, Complex Integration and 
Cauchy's Theorem (Cambridge, 1914), 17-:i5. 
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Both integrals exist since the integrand is, in each case, continuous 
on L. 

In the first case, we have 

i = 1 

r=l r-1 

from whicli the result stated follows at once. 

In the second, we liave to find the limit of 

f=l 

This is necessarily the same as the limits of ! 

r“=l r=l , 

and so is also the same as the limit of + 22)* 

id, + 1 ,) - ii(^?-^Li) iiZ^-4)- 

r = l 

Hence - j zdz 

L 

It should bo observed that in both these examples the value of the 
integral is independent of the path from Zq to Z. 

Example 2. If/Cs) is integrable along the two rectifiable arcs AB 
and BC wliioh have only tlie point B in common, jDrove that f{z) is 
integrable along the arc .46' and that 

(f(z)dz= [f{z)dz-\- \j{z)dz, 

AC AB BC 

Example 3. If/(s) is integrable along L, and if L' is the same ^/rc 
described in the oj)j)osite sense, show that 

jf{z)dz^-- - jf(z)dz. 

L' L 

Example 4. If f{z) and g{z) are integrable along L, and a and h are 
constants, prove tJiat 

W(i)+hg(z)} dz = a j f{z) dz -\-b j g{z) dz. 

L L L 

4.13. Integration along a regular arc 

Let us supj)ose that f{z) is continuous on the regular arc L 
whose equation is z = x(t)-\~iy(t), where Iq ^ t ^ T. We prove 
that f(z) is integrable along L and that 

T 

j f{z) dz = j F[t){x(t)+iy{t)} dt, 
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where F{t) denotes the value of f{z) at the point of L of para- 
meter t. 

In the notation of § 4.12 we have to consider the sum 
2 = i/(W(2r-2r-l). 

r«l 

where is a point of the arc between and 2 ^. If is the 
parameter of obviously lies between and Writing 
F{t) = <l>(t)+iip{t), where <f> and ^ are real, we find that 

2 = 2 2 ^(^r)(^r~^r-l) + 

r=l r*l 

+» 2 <f>('rr){yr—yr-l)— 2 ^(Tr)(2/r— 2/r-l)- 
r=l r=l 

We consider these four sums separately. 

By the mean-value theorem of the differential calculus the 
first term is 

2i = 2^W^K)(<r-<,-l). 

r“l r=^l 

where lies between and f,.. The first step is to show that 
can be made to differ by as little as we please from 

r = l 

by making the greatest of the numbers sufficiently small. 

Now, by hypothesis, the functions and x(t) are continuous. 
As continuous functions are necessarily bounded, there exists 
a positive number K such that the inequalities |^(^)| K, 
m\ ^ K, hold when to ^ t ^ T, Moreover, the functions are 
also uniformly continuous; we can, therefore, assign arbitrarily 
a positive number e, as small as we please, and then choose a 
I)ositive number S, depending only on e, such that 

when \t—V\ < 8. Hence, if the greatest of the numbers 
is less than 8, we have 
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- IJ < '^Ke{T-Q. 

By the definition of the integral of a continuous function of 
a real variable, ^2 limit 

j 

J <i>{t)x{t) dt 

as n tends to infinity and the greatest of the numbers tr—tr-i 
tends to zero. Since, however, | — 2^ I made as sn^ll 

as we please by taking S small enough, must also tend\^to 
the same limit. Similarly the other terms of 2 told 'jto 
limits. ' 

Combining these results wc find that 2 to tli^e 

limit 

T . r T 

((fiX — ifjy) (It -\-i J (^yx^^y) dt ~ ^ {t) dt, 

tii to 

and ^0 f(z) is integrable along the rc'gular arc L. 

This result is not merely of theoretical importance as an 
existence theorem. It is also of i)ractical use in that it reduces 
the problem of evaluating a complex integral to the integration 
of two real continuous functions of a real variable. 

More generally, it can be shown without difficulty that, if 
f(z) is continuous on a contour C, it is integrable along C, the 
value of its integral being the sum of the integrals of f{z) along 
the regular arcs of which C is composed. 

Example 1. Find tlie value of the integral of ]/{z — a) round the 
circle C, whose (equation is |2— a| = 

The parametric equation of C is c: — a~{- Rcofit -\- iRs'mt, where t 
varies from 0 to 27 t as z describes C once in the positive sense. Hence 

27r 

f (h r 1 

- , Ti J — Ji sin t -j- iR cost) dt 

J z — a J ii?cos< + ii^smr ' 

c 0 

% dt — — SttZ’v 

Example 2. Show tliat the intt^gral of l/z along a semicircular arc 
from — 1 to -f 1 has the value —tti or iri according as the arc lies above 
or below the real axis. 
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4.14. The absolute value of a complex integral 

If f(z) is continuous on a contour C of length I, where it satisfies 
the inequality \f(z) | ^ M, then 

jf(z)dz ^Ml. 
c 

In proving this theorem we evidently only need to consider the 
case when C is a regular arc. 

Now if (l){t) is any complex continuous function of the real 
variable t, we have 

< i mMr-tr-l), 

r=l I r=l 

and so, on proceeding to the limit, 

to to 

In the notation of §4.13,/(z) ~ F{t) on C, and so [ F(t)\ ^ M, 
Hence 

j f(z) dz = J F(t)(x+ii)) di 
a c 

< J dt 

to 

T 

< iW J dt = Ml. 

to 

4.2. Cauchy’s theorem 

Let f{z) be an analytic function, regular in a domain D 
bounded by a simple closed curve. Let and z^ be two points 
of D, joined by a rectifiable arc L lying in D, Then the integral 
of f(z) along L certainly exists since f[z) is continuous on L. 
The fundamental property on which the theory of anal3rtic 
functions depends is that the value of this integral is a function 
of and z^ alone and is quite independent of the particular 
arc L which joins the two given points. 

An equivalent form of this result is Cauchy's theorem, which 
states that, if C7 is a simple closed rectifiable arc lying in D, then 
the integral of f{z) round C is zero. For any two points of C 
divide it into two rectifiable arcs L and Li, say. If denotes 
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the arc described in the opposite sense, the integrals of f{z) 
along L and Lj arc equal. Hence we have;, by § 4,12, Exx. 2, 3, 

z) dz J f{z) dz + j fiz) dz = j /(z) dz — j f(z) dz = 0. 

O* la lay la la\ 

In the sequel we shall always suppose that a simple closed 
rectifiable curve is described in the positive or counter-clockwise 
sense, unless the contrary is explicitly stated. 

It is very difficult to prove Cauchy’s theorem in its most 
general form. In the next section we make the additional 
assumi)tion that the derivative f'(z) is continuous within ahd 
on C and follow the lines of Cauchy’s second proof.f We th^n 
show that this additional assumption is not necessary when the 
contour is a polygon, and, finally, we indicate briefly how the 
extension to the general case may be carried out. 

4.21. The elementary proof of Cauchy’s theorem 

We now prove the simplest and original form of Cauchy’s 
theorem, that iff{z) is an analytic function whose derivative f(z) 
exists and is continuous at each 'point within and on the closed 
contour C, then 

a 

Let D be the closed region which consists of all points within 
and on C. If we write z — x-\-iy, f(z) = u-^-iv, where x, j/, u, v 
are real, we have, by § 4.13, 

dz == J (w dx —V dy)-\-i J (v dx -\-u dy), 

(J (J (J 

where, by J {Pdx -{-Qdy), we mean the sum of the integrals of 
c 

the form J (Px+Qy) dt over all the regular arcs composing C. 

We now transform each of these curvilinear integrals by 
means of Green’s theorem, f which states that if P{x,y), Q{x,y), 

t Comptea EenduSy 23 (1846), 251-5. This proof is often called Riemann’s 
proof ; he gave it in his inaugural dissertation at Gottingen in 1861 {Qea, Werke 
(1876), 3-46). 

Cauchy’s first proof depended on the calculus of variations. It occurs in his 
‘Memoire sur les intograles definies, prises entre limites imaginaires ’ (Paris, 
1825), which has been reprinted in Bulletin des sci. math. 7 (1874), 265-304, 
8 (1875), 43-55, 148-59. 

X See Gibson, Advanced Calculus (London, 1931), 335-6, or Phillips, Course 
of Analysis (Cambridge, 1930), 290-1. 
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dQjdXy dPjdy are continuous functions of both variables in 

C D 

By hypothesis f{z) exists and is continuous in D. Since, how- 

/' (z) = ^ 

we are, in fact, assuming that u and v and their partial deri- 
vatives v^y Uyy Vy urc continuous functions of both variables x 
and y in D, The conditions of Cfreen’s theorem are thus 
satisfied. 

Hence we see that 

|/w <fe - _ II g+g) irf, +i II g-|) Mj, 

D 

= 0 , 

by the Cauchy-Riemann differential equations. This completes 
the proof of Cauchy’s theorem. 

4.22. The general form of Cauchy’s theorem 

Although the simple form of Cauchy’s theorem which we have 
just proved suffices for many of the applications we have in 
view, it is desirable to consider whether the assumptions we 
have made are necessary for the truth of the theorem. The first 
step in this direction was taken by Goursat,t who showed that 
it is unnecessary to assume the continuity of f'(z)y and that 
Cauchy’s theorem is true if it is only assumed that/'( 2 ;) exists 
at each point within or on the simple closed rectifiable curve C. 
Actually the continuity of the derivative /'(z) and, indeed, its 
differentiability are consequences of Cauchy’s theorem. 

More generally still, it can be shown that if f(z) is an amlytic 
functiony continuous within and on the simple closed rectifiable 
curve Cy and iff(z) exists at each point within C, then 

J f(z) dz = 0. 

c 

We shall now indicate briefly the lines of the proof of this 
general form of Cauchy’s theorem. 

t Trans, American Math. Soc. 1 (1900), 14-16. Goursat’s proof will also bo 
found in his Cours d*Analy$ey 2 (1918), 74-8. 
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The first step is to show that, if /(z) is an analytic function 
whose derivative /'(z) exists at each point within and on a tri- 
angular contour C, the integral of /(z) round C vanishes. Let 
us write 


J/(=) 


dz 




so that h > 0. The j)roof consists in showing that we are led 
to a contradiction if we assume that A > 0. i 

Let us suj)pose, then, that A > 0. If we join the middle points 
of the sides of C by straight lines, the domain within C is divided 
into four congruent triangles whose boundaries are yg. Ys; 741 

say. I’licn , 4 , 

J /(z) dz J /(z) dz. 


since, on tlie rightr-hand side, we are integrating twice in oppo- 
site directions over each side of a triangle which is not part 
of a side of C, and the corresponding integrals cancel. Hence 
we have 


h 


4 

T--\ 


//(=)* 


SO that the inequality 




\z)d.z >lh 

must hold for at least one value of r; if it holds for more than 
one value of r, wo take the least. In this way we obtain a tri- 
angular contour, say, of half the linear dimensions of C, 
with the property that 

jf{z)dz 

We now^ treat in the same manner, and so on indefinitely. 
Proceeding thus, we obtain a sequence of triangles C, ( 7 ^, 

each of which is contained in and has half the linear 
dimensions of its predecessor, with the property that 

/ /( 2 ) dz A/ 4 ». 


By the example of § 2.2 there is precisely one point, a say, 
which lies within or on every triangle of this sequence. More- 
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over, by hypothesis, f{z) is regular at a. Hence, given any 
positive number e, we can find a neighbourhood of a, whose 
radius depends on €, in which the inequality 

holds. This neighbourhood of a contains all the triangles of the 
sequence for which n '> N, where N is an integer depending on 
It follows that, if is the perimeter of the triangle C^, the 
inequality 

is satisfied by the affix s of every point on (7^,, provided that 
n > N. 

We know, however, thatf 

j* = 0, J 2 : ds = 0, 

Cn Cn 

from which it follows that 

J f(z) = j {/( 2 )-/(a)-(s— 0 £)/'(a)} dz. 

dn dn 

Hence, when n > N, we have, by § 4.14, 

J f(z) dz I dz 

< ell = 

where I is the perimeter of C, 

We have thus shown that, when n N, 

0 < A < 4" J f(z) dz < eP. 

Cn 

This is, however, impossible, since e is arbitrary; the assumption 
that h is positive is thus untenable. But since ^ 0, we must, 
therefore, have h — 0, This completes the proof J of Cauchy’s 
theorem for a triangle within and on which the integrand is 
regular. 

The next step is to extend this result to the case of a polygonal 
contour. We shall make use of the fact that the interior of 
any closed polygon can be divided up into a finite number of 

t See §4.12, Ex. 1. 

t The proof is duo to E. H. Moore, Trans, American Math. Soc. 1 (1900), 
499-606. 
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triangles. For, if the polygon is not convex, it can be divided 
up into convex polygons by producing the sides sufficiently, and 
any convex polygon can be divided into triangles by joining any 
interior point to the vertices. 

Let us suppose that/( 2 :) is an analytic function regular within 
and on a closed polygon (7. If C is now divided up into n tri- 
angles whose boundaries are Q, C'g,..., we obtain 


J f(z) dz='^ j f(z) dz, 

C Cr 


since, on the right-hand side, we arc integrating twice in oj)poy 
site directions over each side of a triangle CJ. which is not also 
part of a side of C, and the corresponding integrals cancel. But 
we have shown that the integral of f{z) round each triangular 
contour Cj. vanishes, and so 


[ f{z) dz = 0. 

a 

We have now reached the really difficult stage in the proof 
of Cauchy’s theorem in the general form enunciated at the 
beginning of this section. We are given that f{z) is regular 
within the simple closed rectifiable curve C and continuous 

within and dn C. These conditions imply that ^ f(z) dz exists; 

a 


we have to show that it is zero. 

It can be proved that, when any positive number e is assigned, 
a closed polygon P can be constructed, each point of which lies 
within C and at a distance less than e from C. The derivative 
f'{z) exists at every point within or on P, so that the integral 
oiJ[z) round P vanishes. The general form of Cauchy’s theorem 
would, then, be completely proved if we could show that 


lim I /(z) rfz = J /(z) dz. 


The validity of this passage to the limit is immediately sug- 
gested by geometrical intuition. Nevertheless, it is one of the 
most difficult things to prove in the whole of the theory of 
functions of a complex variable. A proof has been given by 
Pollard which depends on ‘some rather delicate theorems of 
de la Vallee Poussin, the development of which requires great 
care and unusual nicety of thought’. We shall, therefore, con- 
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tent ourselves by relying on geometrical intuition for the validity 
of this passage to the limit, and refer the reader to the original 
memoirsf for the proof. 

4.3. The deformation of contours 

The evaluation of the integral of an analytic function round 
a closed contour, within which the function is not necessarily 
regular, can often be simplified by noticing that the value of the 
contour integral of an analytic function is unaltered by deformation 
of the contour, provided that the contour crosses no singularity of 
the integrand during deformation. 



For simplicity, we shall only consider a particular case of this 
result, though the method of proof is quite general. We shall 
show that if and are two closed contours, lying com- 
pletely inside Cj, then 

J f{z) dz = ^ f{z) dz, 
c. c, 

provided that f{z) is continuous in the closed annulus and regular 
in the open annulus bounded by and Q. 

Let us take two points of affixes a and b on and two points 
of affixes c and d on If we join a to c and 6 to d by two 
polygonal arcs which have no point in common and which do 
not cross or we form two closed contours and ig, as 
vsliown in the figure. Now f(z) is continuous in the closed 
region and regular in the domain bounded by L^, and so its 

t Pollard, Proc. London Math. Soc. (2) 21 (1923), 456-82 ; 28 (1928), 146-60. 
See also Watson, Complex Integration arid Cauchy's Theorem (Cambridge, 1914), 
37-40. 

4111 


F 
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integral round Li is zero; similarly for L^. Hence 

J /(z) dz + j f(z) dz = 0. 

L>i L02 

But Li and each contain the polygonal arc ac described 
twice in opposite senses, so that the two integrals along the arc 
ac cancel; similarly for the polygonal arc bd. Hence this last 
equation takes the form 

J /(z) dz — ^ f{z) dz = 0, 

C’l c, 

when we take into consideration the conventional sense of 
description of the contour 

4.31. Cauchy’s integral formula 

We now show that if f(z) is an analytic function ^ regular within 
a closed contour C and continuous within and on C, and if a is 
any point within C, then 

Since f{z) is regular at a, we have 

/(z) =/(a)+(z— a)/'(a)4-{z— a)i 7 , 

where 17 is a function of z and a which tends to zero as 2; -> a. 
Hence, given any positive number e, we can find a neighbour- 
hood \z—a\ < 8 in which the inequality It^I < e holds. 

Now draw a circle y with centre a and radius r, where r is 
less than 8 and is also so small that y lies entirely within (7. 
Then, since f{z)/(z—a) is regular in the annulus bounded by y 
and C, we have, by the theorem of § 4.3, 

f fM* 

J z—a J z—a 
y 

= /(o) J ^+/'(«) jdz + jr,dz 

y y y 

= 2irt/(a)+ J rj dz. 
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From this we deduce that 


J 


m 


dz —2nif{a) 


j rjdz 


< 2iTre, 


since [tjI < c on y. The expression on the right-hand side of 
this inequality tends to zero with r. The expression on the left- 
hand side is, however, quite independent of r and so must be 
identically zero. 

This completes the proof of Cauchy’s integral formula 


/(«) = 77^- 


1 r/(2) 


2nij ; 


dZy 


ii c 

which expresses the value of an analytic function at a point 
within a closed contour in terms of its values on the contour. 

Example. Let Ci and Og be two closed contours, Cg lying com- 
pletely within Gij and let a hv a point betwetm Ci and Cj. Show that 


/(®) 



A 

Z 


— a 2tti I 
c. 



provided that J(z) is continuous in the closed annulus and regular in the 
open annulus bounded by and Cg. 


4.32. The derivatives of an analytic function 

If it were known that the process of differentiating Cauchy’s 
formula for /(a) under the sign of integration is valid, we could 
deduce at once that 

c 

We now show that this formula is true under the conditions of 


§4.31. 

Let us suppose that the shortest distance from a to the con- 
tour C is 2S, so that the inequality \z—a\ ^ 28 is satisfied by 
the affix z of every point on C. If |A| 8, the point a+h also 

lies within (7 at a distance not less than 8 from (7. 

By Cauchy’s integral formula, we have 

/(o+fe)-/(a) _ r . J 1 1 _\ ^ 

h 27rt J \z—a—h z—aj h 
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f(a ^h)- f(a) 1 r J^)_ _ A f /(^) dz. 

h 27ri J (Z'—a)^ 2ni J (z — a — h)(z — a)^ 

c c 

HcncG 

f(a) = lim /A+^W = > f /(*) &, 

h-*0 h 27n J (z—a)^ 

provided that (* , : dz 

J {z-a—h){z—aY 

is bounded as h tends to zero. i 

Now f{z) is continuous on C, so that an inequality \f(z)\ ^ 
is satisfied there. Hence \ 

/( A ^ <A 

(z—a—}i)(z—a)- ^ 48® 
when z is on C, and so 

f ^ 

J {z-a-h)(z-af 48® 


where I is the length of C, This completes the proof of Cauchy’s 
integral formula for /'(a). 

The result we have just proved has the very remarkable con- 
sequence that f'(z) is itself regular within C. To prove this, we 
have to show that the derivative /"(s:) of the function/' ( 2 ) exists 
at each point a within (7. 

Formal differentiation under the sign of integration gives 



Accordingly we consider 
f '{a+h)-f'ia) 1 r 

h TTi J (z—aY 

c 

1 1 2h I ^ 

{z~a—Kf (2— a)® (2— a)®/ h 



_ A f fM 3(z— «)— 

2niJ ^(z_a-A)2(z-o)3 


dz. 
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But it is easily seen by using the same type of argument as 
before that this last expression tends to zero with h. Hence 

/'(«) = 

h 

exists and is given by 


/"(«) = 


2! r m 


27Ti J {z—aY 


dz. 


In a similar manner we can show that f\z) is regular within 
(7, its derivative f"'{z) being given by the formula 




27ri J (2— a)^ 


dz, 


when a is any point within G. And so on indefinitely. Hence 
if f{z) is an analytic function regular within a closed contour C 
and continuous within and on G, it possesses derivatives of all 
orders which are regular within G, the nth derivative being given by 

m 


/»(„) = f dz. 


Example. The function /(«) is regular within a closed contour (7. 
Show that, if 2 = the functions log |/(2)|, arg/( 2 ), R1 /(s), lm/( 2 ) 

all satisfy Laplace’s equation 


dW dW 
dy^ 




0. 


Prove also that | / p = 4 1/' 


■Oy^. 

4.33. Cauchy’s inequalities 

Let f(z) be an analytic function regular within a circle G of 
^centre a and radius R. Then if the inequality \f{z)\ ^ M holds 
everywhere on G, i 

|/(«)(a)l < 


We have proved that 




/W(a) = f dz. 

•' 2771 J (z— 


On G, |/( 2 )/(z— ^ M/R^-^^, and the length of G is 277if. 
The result stated follows immediately by § 4.14. 

Example. Prove that the modulus of an analytic function cannot 
have a true maximum at a point a if it is regular in a neighbouihood of a. 
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4.34. Liouville's theorem on integral functions 


An analytic function which is regular in every finite region 
of the s-plane is called an integral function. 

If f(z) is an integral function which satisfies the inequuUty 
l/(z)l < M for all values of z, M being a constant, then f(z) is 
a constant. 

This theorem! follows at once from Cauchy’s inequality con- 
cerning the derivative of an analytic function. For, if a is 
any point of the z-plane, f{z) is regular when \z~~a\ ^ R, no 
matter how large R may be, and satisfies there the inequality 
\f(z)\ < M, Hence we have 



Making R tend to infinity, we find that f(a) is zero. Since, 
however, a is arbitrary, we have thus shown that the derivative 
of f(z) vanishes everywhere. Hence /(s) is a constant. 


4.4. The converse of Cauchy’s theorem 

Let f{z) be a one-valued function, continuous within a closed 
contour C, In order that the integral of f(z) along any contour 
within C may depend only on the affixes of the end-points of that 
contour, it is both necessary and sufficient that f(z) be an analytic 
function, regular within C, 

The condition is evidently sufficient. For the difference be- 
tween the integrals of f{z) along two different contours, which 
lie within C and have the same end-points, is equal to the 
integral of f{z) round a closed contour within C, and so vanishes. 

To show that the condition is also necessary, we consider the 
integral of f{z) along a path within C from a fixed point a to^' 
a variable point Since, by hypothesis, the value of this 
integral is independent of the path, it is a one-valued function 
of z; let us denote it by 

F(z) = jf(z)dz. 

We shall show that F(z) is an analytic function, regular with- 
in G, 


! It was given by Liouville in lectures in 1847, but seems to be really due 
to Cauchy. 
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Let b be any point within G. If the shortest distance of b 
from C is 28, every point z for which \z—b\ ^ S certainly lies 
within C. Hence, if 1^1 < 8, 

b+h 

F(b+h)-F(b) = J f{z) dz. 

b 

where the path of integration is now taken to be a straight line. 
From this it follows that 

F{b+h)-Fib)_j^f,^ _ 1 J 

0 

Now, by hypothesis, f{z) is continuous at b. We can, there- 
fore, assign arbitrarily a positive number e, and then choose 
a positive number rj, depending on e, such that 

\m-m\ < ^ 

when \z—b\ < rj. Hence we have, by § 4.14, 

h 

provided that \h\ < rj, and so F'(6) exists and is equal to/(6). 

Since, however, b was any point within C, we have thus 
shown that F(z) is regular inside C and that its derivative is 
f{z). This, however, implies, by § 4.32, that f{z) is itself regular 
within C, This completes the proof of the necessity of the 
condition. 

The theorem we have just proved is due to Morera.t It is 
really a converse of Cauchy’s theorem, and is more usually 
stated in the following form. 

If f(z) is continuous arid one-valued within a closed contour C 



r 


for every closed contour P within C, then f{z) is an analytic func- 
tion, regular within C. 

It should be observed that we have proved incidentally that 
if f{z) is regular within a closed contour C, the integral 

J /(a) dz, 

a 

f Rendiconti del R, let, Lombardo, 19 (1886), 304-7. 
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taken along any contour within C, is an analytic function, regular 
within C, and has derivative f{z). This is the fundamental 
theorem of the calculus of analytic functions; it asserts that the 
operations of integration and differentiation are inverse opera- 
tions. 

Example. Let /(«), g{z) be analytic functions, regular within a closed 
contour C. Show that 


2 2 

= f(^)g(^)~f(a)g{a)- j f{z)g{z) dz, 

a a ^ 

when integration is along any contour within C. | 

4.5. Taylor’s theorem \ 

We saw in § 3.33 that the sum of a power series with non- 
zero radius of convergence is an analytic function, regular within 
the circle of convergence. We now prove the converse theorem, 

that if f{z) is an analytic function regular in a neighbourhood of 

00 

z = a, it is expansible as a power series of the form ^ a^( 2 — a)^, 

0 

whose radim of convergence is not zero. 

By hypothesis, there exists a positive number R with the 
property that f(z) is regular when \z—a\ < R. Let R^ be any 
positive number less than R, and let JBg = so that 

R^< R, Then f{z) is certainly regular within and 
on the circle C whose equation is \z—a\ = R^. 

Now let a-\-h be any point of the region \z—a\ ^ R^. Then, 
as a+A is within the circle C, we find, by using Cauchy’s integral 
formula (§ 4.31), that 


f{a+h) = 


-1, r /(^) 

"liri J z—a—h 
a 


dz 


27ri 




(z— a)^+^ [z—aY^+^(z—a—h)] 


dz. 


If we now use Cauchy’s formula for the derivatives of an 
analytic function, we obtain 


/(a+A) =/{«)+ 

r-X 
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where 


^ ^ I* /(2) 

" 2771 J (2-a)»+i(z-a-A) ■ 


But 1 /( 3 )! is conlinuous on the circle C and so is bounded 
there. Hence there exists a positive number M such that 
l/(^)l ^ M on C, Moreover, when \z — a\ = 


\z-a-h\ > \{\z-a\-\h\}\ ^ R^-^R^, 
Using the result of § 4.14, we find that 


\An\ < 


M\h\ /|^\« 
i?2 — 


Since, however, |A| < < R^, it follows from this inequality 

that -4^^ tends to zero as n tends to infinity and therefore that 


Jh^ 


/( a +^) =/(«)+ 2 


n=l 


It is, however, possible to prove rather more than the mere 
convergence of this power series. Since j^l < iZi, we have 


l^nl < 


MR^ 

R, 




the expression on the right-hand side of the inequality being 
independent of A. Hence, given any positive number e, we can 
choose an integer N, depending on e but quite independent of 
h, such that < € when 71 > N, We express this property 
by saying that the power series converges uniformly*!’ with 
respect to h when [Aj < Rj^. 

We have now proved that iff{z) is an analytic function, regular 
in the neighbourhood \z—a\ < R of the point z = a, it can be 
expressed in that neighbourhood as a convergent power series of 

/( Z ) =/(«)+ 2 • 


»v=l 


This expansion is uniformly convergent when \z—a\ < i?i, pro- 
vided that R^<. R, This result is known as Taylor's theorem 
concerning analytic functions of a complex variable. 


t For an account of the theory of uniform convergence, see Chapter V . 
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Example 1. Prove that, when \z\ < 1, the principal value of (l+z)“ 
is equal to ^ 

a(a— n+l)^„ 

f n! 

11=1 


1 + 


Example 2. Show that, when [z] < 1, 

log(l+2) - 3 - 

4.51. Zeros 

If f(z) is an analytic function which vanishes when z = a and 
is regular in a neighbourhood \z-~a\ <C R oia, we say that ajis 
a zero of f{z). By Taylor’s theorem we can expand f(z) asl 
power series of the form 

f{z) = f 0„(2-0)” 

n~l 

which converges in the given neighbourhood of a and has ho 
constant term. If is the first non-zero coefficient in this 
expansion, we say- that a is a zero of order m. 

Let us suppose, then, that f{z) has a zero of order m at a. 
We can therefore write 


/(z) = (z-a)“ 2 «m+»(z— «)” = ( 2 -a)"‘^(z), 

n^O 

where (f>{z) is regular w^hen \z—a\ < B and does not vanish 
when z~ a. We now show that there exists a neighbourhood 
of the point a which contains no other zero of/(z). 

For if ^(a) = 2c, it follows from the continuity of (f){z) that 
there exists a region \z—a\ < S in which 

m-<f>(a)\ < \c\. 

This implies that 

\m > \{\<f>(a)\-mz)-i>{a)\}\ > Id 
when |z— a| < 8, and so ^(z) certainly does not vanish there. 
Since f{z) = {z—a)^<^{z), we have thus shown that the only 
point at which /(s) vanishes in the region \z — a\ <; 8 is the given 
zero z a. 

From this it follows that if f{z) is an analytic function regular 
in a domain D, and if z-^, is a sequence of zeros of f{z) 

having as limiting point an interior point a of D, then f(z) vanishes 
identically in D. 
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For since /(a;) is a continuous function having zeros 2,^ as near 
a as we please, /(a) must be zero. Moreover, as f{z) is regular 
in the domain Z>, of which a is an interior point, we can expand 
f{z) as a power series 

/(z) = I; aj^z-af, 

n=l 

converging in a certain neighbourhood of a. Either f{z) is 
identically zero, or else there is a first coefficient, say, in this 
power series which is not zero. But if the latter is the case, we 
have just seen that there is a neighbourhood of a which contains 
no zero other than a, and this is contrary to the hypothesis that 
a is a limiting point of the sequence of zeros • 

Hence f(z) is identically zero. 


4.52. Laurent's theorem 

Let us consider an analytic function f(z) which is regular in 
the annulus R < \z—a\ < R but not regular everywhere in 
\z—a\ < R\ Although such a function cannot be expanded as 
a power series in z—a, it can be expressed, as we now show, 
as the sum of two scries of the form 


/(z) == 


each series being convergent in the annulus. 

Let iii, R[ be any two positive numbers such that 
R < R^< R[< R and let R^ - \{R+Iii), K = 

Then f{z) is certainly regular in the closed annulus bounded by 
the circles C, C' whose equations are \z—a\ = R^, \z—a\ — R^ 
respectively. * 

Now let be any point of the annulus < I2— ^ R\* 
Then, as a-{-h lies between the circles C and C", we have, by 
the example of § 4.31, 


f(a^h) = . f -M.- dz r dz. 

27rt J z—a—h 2771 J z—a—h 

V c 

Just as in the proof of Taylor’s theorem, we easily show that 



z—a—h 


dz = '^a^h^, 
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a = L f ^ 

2Tn J {2_a)n+i 


C' 

This series converges uniformly when \h\ ^ El We cannot 
Similarly we have 

-■h\ 

J z—a—h 
a 


r-1 


where 

= 2"i;i / dz 


- c 

and 

B,, = - - r . 

2«J h^{z-a-hy 


™ 1?“^“ of If ( 1)1 


^7Ti J z — a — h 2^ Jin* 

C 7t «= 1 


l‘l > We W 

CO QJ5 

f{a+h) = I a„ A«+ f b„Ji-n, 
provided that ^ A < El 

as zSi ‘^r+““ “ known 

If f(z\ *eore»n,t can be expressed in the following form 
Vm » «» a«Uy,^ function, r^nlar in »e open 1„X 

t It was published by Lam^ut in Compte. Rendu., 17 (1843). 348-9. 
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R < \z^a\ < i2', it can be expressed there as a convergent series 
of the form ^ 

f{z) = I; a„(3-a)». 

— 00 

This expansion is uniformly convergent in the closed annulus 
Ri < |2— a| < -Bi, provided that R < Ry<. R[<. R'. The co- 
efficients a„ are now given by the single formula 

a = 1 f /(^) rf, 

^ 27ri J ( 2 — 

1 ' 

where F denotes C when 71 < 0 and C" when n 0. Since, how- 
ever, the integrand is regular in the annulus R < \z—a\ < R', 
we may take F to be any circle \z—a\ — r, where R < r < R\ 
no matter what value n has. 

The real importance of Laurent’s theorem rests in the fact 
that it is an existence theorem. It shows that an analytic func- 
tion can be expanded, uncicr certain circumstances, as a series 
of a given type, but it docs not necessarily provide the simplest 
method of calculating the coefficients. 

Finally, it should be observed that Laurent’s theorem will 
not provide an expansion of the logarithm of 2 as a series of 
positive and negative powers of 2. For Log 2 is a many- valued 
function, whose principal value, log 2, is discontinuous along the 
negative half of the real axis and so is not regular in any annulus 
with centre at the origin. 

Example 1 . Show that 

cossh^s-l-^) = ao+ + 

27r 

where ^ J* c6sn0cosh(2cos^) 

0 

the series being uniformly convergent in any closed annulus with centre 
at the origin. 

We have to expand the function coshtt? where w = Now 

cosht/; is an integral function of w, whereas w is an analytic fimction 
of z whose only singular point is the origin. Hence cosh(24-s“^) is an 
analytic function of z regular in the annulus i? < \z\ < R\ no matter 
how small the positive number R may bo or how large R' may be. 

We can, therefore, apply Laurent’s theorem to obtain 

00 

COsh(2-f 2“^) = 2 
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where 
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1 f cosh(z+2“*) J, 

= 2nij 


r 


the contour F being any circle |z| “ r. If we take r = 1, then z = e®* 
on r, where B varies from 0 to 27r. Hence we have 


2I J 

0 

2t 


cosh(c®^-f dd 


cosh(2 cos ^)cos nO dO 


2t 


cosh( 2 cos ^)sin nO dB, 


If we put B - 2TT—<f>, we find that the last integral vanishes, and so 


a 


n 



COS riB cosh (2 cos B) dB. 


But evidently ^ and therefore 

cash(zH-z'i) ao+ J,ajz^+z-^). 

1 

The uniform convergt'nce of this seri(\s in evc'yy annulus with centre at 
tlie origin is an iinni<*diate consequence of Laurc'ut's tlu^on'm. 

Example 2. Find the Taylor or Laurent s(Ti(‘s which rc'present the 
function l/{(z2+ 1 )(2 + 2)}, (i) when \z\ < 1, (ii) when 1 < | 2 | < 2, 
(iii) when |z| > 2. 

4.53. Isolated singularities of an analytic function 

Lietf(z) be an analytic function with a singular point at 2 = a. 
If there exists a neighbourhood of the point a which contains 
no other singularity of f{z), the point a is called an isolated 
singularity of the function. 

If this is the case, there exists an annulus r < \z—a\ < Rin 
which J(z) is regular and can be rejiresented by the Laurent 
series 

/(z) 2 a^{z-aY+ f bJz-a)-\ 

1 

Since, however, wc can make r as small as we please, this 
Laurent expansion actually holds when 0 < \z—a\ < R. The 
infinite series ^ 

1 

is called the principal part of f(z) at the singular point z = a. 
There are three cases to be considered. First of all, it may 
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happen that all the coefficients are zero. We then call z = a 
a removable singularity of /(«), since we can make /(z) regular 
when \z—a\ < i? by suitably defining its value at o. For if we 
write F(z) =f(z) when 0 < |z— o| < Jl and F(a} = Ug, the 

oo 

function F(z) has the Taylor expansion ^ and so is 

0 

regular when \z—a\ < R. Singularities of this type are of little 
importance. 

Secondly, the principal part of f{z) at the isolated singularity 
may be a terminating series of powers of 1/(2— a). The singu- 
larity is then called a pole. If is the last non-zero coefficient 
in the principal part, the X)ole is said to be of order m. Poles 
of orders 1 , 2 , 3 ,... are usually called simple, double, triple,... 
poles. The coefficient is called the residue off(z) at the pole a. 

If f{z) has a pole of order m at 2 = a, the Laurent series takes 
the form 

/(z) = (2-a)-”’{ft„+ft,„-.i(2-a)+6^_2(z-a)24-...+ 

+&i(z— a)’"-i+ 2 a„(2— 0)’"+”} 

= (z— a)-"*^(z), 

where <^(2) is regular when \z—a\ < E, and being equal to 
6 ^, is not zero. We can therefore findf a neighbourhood 
\z—a\ < 8 of the pole in which 

\m\ > 

Hence, if f{z) has a pole at a, \f(z)\ tends to infinity as 2 tends 
to a in any manner. 

Moreover, if f(z) has a pole of order m at a, l/f{z) is regular 
and has a zero of order m there. For 

l//(2) = (3— 

where ^(2) is regular and does not vanish when \z—a\ < 8 . 
Similarly we can show that the converse is also true, that if 
F{z) has a zero of order m at a, 1/F(2) has a pole of order m there. 

Finally, if the principal part of f(z) at the isolated singularity 
a is not a terminating series but has an infinite number of non- 
zero coefficients, a is called an isolated essential singularity. In 
this case, a is evidently also a singularity of l//(s). 

t See § 4.6L 
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Example 1. Tho function /(z) has a simple pole at z = a. Show that 

the residue at this pole is lim{(z— o)/( 2 )}. 

zr-^a 

Example 2. The analytic function f{z) is of the form <f>{z)ltlt{z) where 
^(z) has a simple zero at z = o, but <f>{z) does not vanish at o. Prove 
that /(z) has a simple pole of residue at z = a. 

^Example 3. Show that the only singularities of cot7rz/(z--a)* are 
poles. Find the residues of the function at these polos. 

If wo write ^ cosw^ 

(z— a)2 ~ (z— a)2sin7rz' 

we see that th(i function is the quotient of two integral functions^ and 
HO its only singularitif'H are at the zeros of the denominator. Thus the 
function is regular save for poles at z = o and at z =* 0, il, 

If a is not an integf'r or zero, z = a is usually a double pole and'^tho 
rest all simple poh's; but if a is an integer or zero, z = o is a triple pole. 

Let us consider first the pole z — n, when n is an integer or zero, aind 
let us suppose that n a. The residue at this pole is, by Ex. 1, 

(z — ny'.ot7TZ fcot7r(f-}-n) 

hill — ^ ^ ^ hin — TT- — 

= lim ^ 1 

a)2sin7r5 7r(w — a)^’ 

When wo di'.tormine the residue at z = a, wo have to consider 
separately the cas(\s when a is or is not an integer or zero. If a is an 
integer or zero, we obtain by writing z — a = f 

COtTTZ COtTT^ 

and so th(i rt'sidue^ is — \tt. But when a is not an integer, we have 

COtTTZ cot7r(fT-f-0 


{z-aY 


■ . e 

COtTTrt 


TTCosec^Tra 


4- TT^coseeVa cot tto + . . . , 


so that tlie residue at a is now — TTCosec^Tra. If a is half an odd integer, 
cotira is zero; and the pole at a is simple of residue — tt. 

Example 4. Determine the singularities of z cosec z, and find the 
residue's at its poles. 

Example 5. Find the residues of at its poles. 

Example 6. Show that has an isolated essential singularity at 
the origin. 

Example 7. Show that 8 in(l/ 2 ) has an isolated essimtial singularity 
at the origin, which is also the limiting point of the zeros of the function. 
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Example 8. f(z) is an analytic function with an isolated singularity 
at 2 : ~ a. Show that, if/( 2 ) = 0{\z — o|'”) as 2 — > a, the singularity is 
a polo of order not exceeding n. 

4.54. Limiting points of zeros or poles 

We have already seen that if a is a limiting point of zeros of 
an analytic function /(z), regular when 0 < \z—a\ < iJ, then 
f(z) either vanishes identically or else has a singularity at a. In 
the latter case the singularity is isolated, but it is not a pole 
since \f{z)\ does not tend to infinity as z tends to a in any 
manner- Thus, apart from the trivial case whenf{z) is zero save 
at a, the function has an isolated essential singularity at the 
point a. 

If, however, f{z) is an analytic function whose only singu- 
larities in the region 0 < \z~a\ < R arc poles, infinite in num- 
ber, having the point a as limiting point, a is a singularity; for 
f{z) is unbounded in every neighbourhood of a. A singularity 
of this type is not a pole, since it is not an isolated singular 
point. We call it an essential singularity. 

Example. Show that sec(l/ 2 ) has simple poles at the points 
z = l/{(n-|-i)7r}, where n is an integer or zero, and an essential smgu- 
larity at the origin. Prove also that the residue at i)'”’} is 

(-ir/{(n-fi)7r}=. 

4.55. The behaviour of a function near an isolated essen- 
tial singularity 

We have seen that, if a is a pole of the function /(z), then 
l/(z)| increases indefinitely as z tends to a in any manner. On 
the other hand, the behaviour of a function near an isolated 
essential singularity is of a far more complicated character; in 
fact, in every neighbourhood of an isolated essential singularity ^ 
there exists a pointy at which the function differs by as little as 
we please from any previously assigned number. This result is due 
to Weierstrass.J 

Let us consider, then, an analytic function f(z) which has an 
isolated essential singularity at z = a. Let c be any number, 

t ActuaJly there are an infinite number of such points. For if be such 
a point in the neighbourhood | 2 — a| < r of the essential singularity a, there 
must be another in |z— o| < J|zi— o|» and so on indefinitely. 

J Abh. der Preitas. Akad. Wise, zu Berlin {McUh. Klasae) 1876, 11, This is 
reprinted in Weierstrcuss’s Werke, 2, 77. 

4m 


n 
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real or complex; we have to show that, given two positive 
numbers e and r, no matter how small, we can find a point 
in the region \z—a\ < r at which \f{z)—c\ < €. 

If a is a limiting point of zeros of the function f{z)~Cy the 
theorem is obviously true, since we have only to take z^ to be 
any zero in the given neighbourhood of a. But if a is not a 
limiting point of zeros, the function f(z)—c has no zeros in the 
given neighbourhood, provided that r is sufficiently small, and 
hence the function , 

I 

is regular when 0 < \z—a\ < r. We have to show that theite 
exists a point z^ in this region at which \g(z)\ > l/e. 

Let us suppose that, on the eontivary, \g(z)\ ^ 1/e thercl 

c» 

Then, if the principal part of (j{z) at a is ^ we have 

K-:^. f g{z)(z-aY-^ dz, 

Ztti J 

lcl=p 

where 0 < p < r, and hence 


1^.1 ^ 

€ 


Since, liowever, ft,, is independent of p, we find, by making p tend 
to zero, tJiat ft,, is zero for all values of n and hence that g(z) 
is regular at a. This is impossible; for it would imply that/( 2 :) 
is regular at a or else has a pole there. The assumption that 
\g(z)\ 1/e when 0 < \z—a\ < r is, therefore, untenable. 

We have thus shown that the inequality \g(z)\ > 1/e must be 
satisfied at one point at least in the given neighbourhood of a; 
this completes the proof of Weierstrass’s theorem. 

A more striking result still is Picard'sf theorem, which states 
that, in every neighbourhood of an isolated essential singularity, 
there exists a point at which the function actually attains any given 
value with at most one exception. For example, sinl/z and 
have isolated essential singularities at the origin; sin 1/z actually 
attains every value in 0 < | 2 | < r, no matter how small r may 
be, whereas attains there every value except zero. The 


t Comptea Rendua, 88 (1879), 1024-7; 89 (1879), 745-7. 
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proof of Picard’s theorem is too difficult to be given at the 
present stage. 

4.56. The point at infinity 

The equation s' = 1/s sets up a continuous one-to-one corre- 
spondence between the points of the complete s-plane and the 
points of the complete s'-plane. If s is at the point at infinity, 
s' is at the origin. Accordingly we shall say that a function f(z) 
has a zero, a pole, or an essential singularity at infinity if the 
function /(s“i) has a zero, a pole, or an essential singularity at 
the origin. For example, the functions sin 1/s, (s+l)“, and 
have respectively a simple zero, a double pole, and an essential 
singularity at infinity. 

It is important to notice that if the only singularities of an 
analytic function, including possibly the point at infinity, are 
poles, the function is a rational function.. 

For let F(z) be such a function. It can have only a finite 
number of poles since a limiting point of poles is an essential 
singularity; let its poles be at a^, a^,.,,, a^, oo, of orders n^, rig,..., 
m respectively. It follows that 

G{z) = 

is regular in every bounded domain, and so is an integral func- 
tion. We can, therefore, expand G(z) as a Taylor series 

0 

which converges for every finite value of z. 

But (z— a. 2 )" 2 ...(z— has a pole of order 

N = «,i+W2+...+% 

at infinity. Hence (7(z) also has a pole at infinity, its order being 
N-\-m, This, however, implies that the Taylor series for G{z) 
terminates and is of the form 

iV + wi 

G{z) = 2 

0 

( N+m I // k ^ 

and so F{z) is a rational function. 
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4.6. Analytical continuation 

Lct/j(s) bo a regular analytic function defined in a domain 
Dy We shall now show that it is sometimes possible to continue 
this function analytically. By this we mean that it is sometimes 
possible to find an analytic function F(z) which is equal to f^{z) 
at each j)oint of Dy but is regular in a more extensive domain. 

Ixd/ another domain which has in common with I)y a set 
of points forming a domain A. If there exists a function /2(2;), 
regular in IJ2, which is equal to fy(z) at a set of points having 
a limiting point ^ belonging to A, the analytical continuation 
of fi(z) is ]K)ssible. \ 

In the first place, the functions fy(z) and f2(z) are equal 
every point of A. For f^{z)—f2i^) i« regular in A and has a sdt 
of zeros with ^ as limiting point; since ^ is a point of A, this 
implies that fi{z)~- f2(z) vanishes everywhere in A. 

If we now write F(z) fi{z) when z is in 1 )^ and F(z) f2(z) 
when z is in 7 > 2 > function F(z) so defined is evidently an 
analytic function, regular in the domamf 7 >o; the function 
/j(s) has, therefore, been continued analytically into Z^g. More- 
over this analytical continuation is unique. For if g{z) is 
another function, regular in ZZg, which is equal to fi(z) at a set 
of points having a point of A as limiting point, g(z) is equal to 
fy{z) at every point of A and hence is also equal to f2{z) there; 
a repetition of the previous argument then show^s that f2(z) and 
g(z) are equal everywhere in Z>2* 

When/2(2) has been found in this way, it may be possible to 
continue fniz) analytically into a domain which overlaps Z>2. 
If this is so, there is a function f^{z), regular in Z>3, which is 
equal 10/2(2) in the common ])art of ZZg and If overlaps 
/>!, we should exj)ect that the analytical continuation o{f^{z) 
into I)y would be the original function fi{z). KDy, ZZg, and I)^ are 
circles having a domain A' in common, this conjecture is, in fact, 
true. For in A' we have fy(z) = f^(z) = /^(z), and this implies 
that fy(z) = /^(z) in the common part of and Dy. But if 
Z>i, Z>2, and have no domain in common, it is not necessarily 
the case that the analytical continuation of/3(2) into Dy i&fy{z). 
For example, let us denote the domains |2— 1 | < p, i2— a>| < p, 

t By D2 we mean the set of points which belong to or to or to 
both. Since and are domains, domain. 
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12—0)2 1 where o> = and JV 3 < p < 1 , by D^, Dg* 
Z>3 respectively; any two of these domains have in common an 
area bounded by two circular arcs, but there is no point common 
to all three. The function 2^ is regular in if we continue it 
analytically into from into 1)3, and, finally, from D3 into 
Di, the function obtained in this way is not 2* but —2*. 

4.61. The general definition of an analytic function 

Let f(z) be an analytic function defined only in a certain 
domain where it is regular. Let us suppose that it is possible 
to continue this function analytically outside the given domain. 
If we form all the continuations of the function, then all the 
continuations of these continuations, and so on in every possible 
way, the complete analytic function /(2) is defined as consisting 
of the original function and all the continuations so obtained. 
The complete analytic function defined in this way is, of course, 
not necessarily a one- valued function. 

If /(2) is not an integral function, there will be certain excep- 
tional points which do not lie in any of the domains into which 
the function has been continued. These exceptional points are 
called the singularities of the complete analytic function. It is 
evident that the singular points of a one-valued analytic func- 
tion are also singularities in this wider sense. 

It may happen that, in this process of continuation, we ulti- 
mately reach a closed curve across which it is impossible to 
continue the function. Such a closed curve is called a natural 
boundary of the complete analytic function. An example of a 
function with a natural boundary will be found in § 4 . 62 , Ex. 2. 

4.62. Analytical continuation by power series 

We shall now consider very briefly the problem of continuing 
analytically a function /(2) defined initially as the sum of a power 

00 

series 2 whose circle of convergence Cq has a finite 

0 

non-zero radius. 

The first thing to observe is that, when the continuation has 
been carried out, there must be at least one singularity of the 
complete analytic function on the circle of convergence C^. For 
if there were not, we could construct, by analytical continua- 
tion, an analytic function which is equal to f{z) within Cq but 
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is regular in a larger concentric circle C^, The expansion of this 
function as a Taylor series in powers of z—z^ would then con- 
verge everywhere within Cq\ this is, however, impossible since 
the series would necessarily be the original series, whose circle 
of convergence is 6^. 

In order to carry out the continuation, we take any fixed 
point Sj within CJ,, and calculate the values of f{z) and its suc- 
cessive derivatives at that point from the given power series 
by repeated term-by-term differentiation. We then form the 
Taylor series 




n\ ’ 


whose circle of convergence is say. 

Let denote the circle with centre which touches 
internally. By Taylor’s theorem, this new power series is cer- 
tainly convergent within and has sum f{z) there. The radius 
of C\ cannot, therefore, be less than that of l\. There are now 
three possibilities: 

(i) may have a larger radius than Fi- In this case lies 
partly outside CJ,, and the new power series provides an ana- 
lytical continuation oif{z). We can then take a point Zg within 
(7^ and outside Cq, and repeat the process. 

(ii) Cq may be a natural boundary of f(z). In this case we 
cannot continue f(z) outside and the circle touches Cq 
internally, no matter what point within Cq was chosen. 

(iii) may touch Cq internally even when Cq is not a natural 
boundary of f(z). The point of contact of Cq and 6\ is a singu- 
larity of the complete analytic function obtained by the analyti- 
cal continuation of tlie original })ower series. For there is 
necessarily one singularity on C^ and this cannot be within Cq, 

We see, then, that if Cq is not a natural boundary of the 
function /(s) = ^ process of forming new power 

series provides a simple means of continuing the function ana- 
lytically.! It is, therefore, theoretically possible to deduce all 
the properties of the complete analytic function from the pro- 
perties of the coefficients of the Taylor series which defines 


f For furthor iiiforiuation on tho theory of tinalylieal continuation by power 
series, see, for example, Goursat, Cuurs (V Analyse, 2 (1918), 235-62, 
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the function initially. This interesting but extremely difficult 
problem is, however, beyond the scope of the present book-t 
Example 1 . Show tha^^ tlio function 


J{z) - + + 

can be continued analytically outside its circle of convergence. 

The circle of convergence Cq of this power series has the equation 
| 2 | = 1. Within Co the sum of the series is (1 — s)-*. But this function 
is an analytic function, regular in any domain which does not contain 
the point s — 1, and so provides the required analytical continuation 
off(z). 

It is, however, instructive to carry out the continuation by means of 
power seiies. If a is any point within Cy, it is easily seen that the power 
series expressing/(c) in powers of 2 — a is 


2 

n,=sn 


(z--ar 


The circle of convergence Cj of this new power s(iries is \z—a\ = |1— a|. 

Now if 0 < a < 1, Cl touches C^ at 2 — 1, which is, therefore, a 
singularity of tlie complete analytic function defined initially by the 
given power series. If, however, a is not real and jmsitive, we liave 
|1 — a| > 1— |a|, so that Cj crosses in this case the now power series 
provides an analytical continuation of f(z) outside 6^. 


Example 2. Show that the circle of convergence of the power series 

1 }-2-f22+24+sM--. 

is a natural boundary. 

The circle of convergence Cq of the power series is |2| — 1 . If the point 
on Co is not a singularity of /( 2 ), tlnin /(re^^) must tend to a finite 
limit as the real number r increases and tends to unity. J 

Let us consider, then, the behaviour of f(z) as 2 moves up to Co along 
the radius through the point of allix wluirc' p and q are integers. 

Now we can express f(z) in the form 

00 

f{z) - l+s+z=‘+...+s“'+ I 2 “" 

= /i(z)+/2(2), 

say. Since is a polynomial in r of degree 2®, it tends to 

a unique limit as r — > 1. Hut 

--- 2 2 
« = </ + ! « = « + ! 

t All interesting account of recent researches on this problem is given by 
Hadamard and Mandolbrojt, La Sene de Taylor (Collection ‘Scientia’; 1926). 
See also Dienes, The Tayior Series (Oxford, 1931), Chapter X. 

J It is not, however, the case that, if f{re^^) tends to a finite limit, then 
is not a singularity of/( 2 ). For example, the binotiiial expansion of (1 — 2 )^ 
converges when Isj ' ' 1, and (I — r)4 tends to zero as r -> 1. Yet 2 = 1 is 
a singularity (a branch-point) of ( 1 — 2 ) 1 . 



88 CAUCHY’S THEOREM 

which tends to infinity as r -> 1. Accordingly the point of affix 

on C'o is a singularity of f{z). 

But any arc of Cq, no matter how small its length, contains a point 
whoso affix is of the form where p and q are integers. There 

are, therefore, points whose affix is of this form within every circle which 
crosses Cq, so that it is impossible to continue f{z) analytically outside 
its circle of convergence. 
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MISCELLANEOUS EXAMPLES 

1. The function f(z) is regular when \z—a\ < R. Show that, if 

0 < r < R, then 2 w 

f'{a) = — I F{e)6-^‘ de, 

nr J 

where F{6) denotes the real part of/(a-}' re^). 

2. The function /(z) is regular when \z\ < R'. Prove that, if 

\a\ < R < R\ 

then /(a) ~ f - ^ f{z)dz 

^ 27Ti J (z~a)(R^-zay^ ^ ^ 

c 

where C is the circle \z\ — R, Deduce Poisson’s formula, that, if 
0 < r < i?, 

/(re»*)=— J 
0 

3. When (z | <: R, the function/( 2 ) is regular and satisfies the inequality 
1 /( 2 ) I > L Show, by applying Poisson’s formula to log/(z), that, if 
\z\ < kR whore < 1, then 

W)\ < i/(0)r-*. 
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4. The function f(z) is regular when [zj < 2? and has the Taylor 


expansion 2 Show that, if r < J?, 

0 

2ff 

0 

Hence prove that, if |/(2)| < M when \z\ < 2?, 

f < M\ 

0 

6. Deduce Cauchy’s inequalities from Ex. 4, and show that, in the 
notation of § 4.33, l/'“>(a)l r= n! Af/iJ’* 

if and only if/(s) — Afe“^{2— a)”/2^'‘» where cx is a real constant, 

6. The integral fimction f(z) satisfies everywhere the inequality 

\f(^)\ < where A and k are positive constants.* Prove that f(z) is 

a polynomial of degree not exceeding k, 

7. Show that the branch of the function (l — 2iJiZ-\-z^)~^l^ which is 
equal to +1 when 2 = 0, is regular when \z\ is less than the smaller of 

— 1)1, and so can be represented by a Taylor series 

i+f W*"- 

Prove that the coefficients in this expansion are given by 




'ini J 




dz 


where C is a closed contour surrounding the origin but not enclosing 
either of the points 

8. Prove that the function exp{Jw( 2 — 2 ~^)} is regular save at the origin 
and can be expanded as a Laurent series 


2 

— 00 

2w 

where J„(m) = ( - 1 ) V.„(m) = ^ J cos(n0— u sin 6) dd. 

u 

9. The function f{z) is regular when | 2 j > R and |/(2)| is bounded as 
I 2 ] — > 00 . Prove that f{z) can be expanded as a series of the form 

00 

convergent when | 2 | > R, 

10. The function f{z) is regular in the strip — a < Im 2 < a, where ol 
is positive. Provo by using Laurent’s theorem that, if f(z) is periodic, 
of period 2??, it can be expanded in the form 

m -- I 
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2»r 

whero f{z)e-^^ dz, 

0 

the series being uniformly convtjrgent in the strip — a+S < Imz < a — 8 
for every positive value of 8 ( < ot), 

Deducci thatf 

CO 

f{z) = ia„+ 2 (a„eosnz + 6„sinn:), 
n-1 


‘ Jtt 


2ir 


where 




= - I f(z)co^nzdz. 




f(z)sm.nz dz. 


0 0 

11. Each of the fimctions 

(i) cot^, (ii) cosee 22 :log(l— 2 ), (iii) c/(sins — tans) 
has a pole at tlie origin. Find its order and residue in each case. 

12. Show that the circle |s| = 1 is a natural boundary of each of the 

functions ao 


00 


'(i) 

0 



13. Show that the sum of the series 


2-« 

2 



is a when j^l < 1, but is c when \z\ > 1. Why is this? 

14. Prove that the sum of the series 


2 


(14 


is z/{l—z^) when |;:| < 1, but is l/{z^—l) when > 1. 


15. The function f{z) is regular within and on th(‘ circle C whoso 
equation is |3| - save for simphi poles 5^, 6,^ within C, More- 

over, /(s) does not vanish on C, but has simple zeros a^, Ug,..., 0 ,^ within 
C. Prove that tlie function 


8=1 


E^~dgZ 

R(z-a,) 



8=1 


B(z-hg)\ 

R^-b,z) 


is regular and non-zero within and on C, and also that |F( 2 ;)| — \f(z)\ 
on C. 


I This result is Fourier’s theorem for analytic functions of a complex 
variable. A detailed account of the conditions under which Fourier’s theorem 
for functions of a real variable is valid will be found in Hobson’s Functions of 
a Real Variable, 2 (1926). 
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By applying Poisson’s formula to log F{z), show that, if ; = re"^ where 
r < R, then 


log l/(«)l = 2 


R( z-a,) 



tUz-b,) 

R^-l,z 


1 r r® 

Deduce that 

277 

f log|/(iee*‘)|d^ ^ 27rlog'^*^-;^“>f'P + 2;rlog|/(0)|. 

provided that the origin is not a zero or pole of /(z). 

How would these results be modified if /(z) possessed multiple poles 
or multiple zeros within C*l (jENSEN.f) 

t J. L. W. V. Jensen, Acta Math. 22 (1899), 359-64. 



CHAPTER V 


UNIFORM CONVERGENCE 

5.1. The limiting function of a sequence of functions 

Let s„(z), Si(z), S2(z),... be a sequence of one-valued functions, 
each defined in a bounded closed region I). At present we do 
not assume that these functions are differentiable or even con- 
tinuous in I); they are merely functions of the complex varia.ble 
2 in the most general sense. l 

It may hapj)en that, when ^ is a point of D, the sequenc^of 
com])lex numbers «o( 0 . Si( 0 ) tends to a definite finite 

limit. We then say that the sequence of functions is convergent 
at If the sequence converges at each point of 1 ), it is said to 
be convergent in D, and the limiting function s(2) of the sequence 
is defined at each point of D by the equation 

s(z) lim s„(2). 

This means that, given any point ^ of D and any positive 
number e, no matter how small, we can find an integer N such 
that s„(OI < f when n ^ N. The integer N, which is 

made definite by being taken as small as possible, will depend, 
in general, not only on e but also on the particular point ^ under 
consideration; wc denote this fact by writing N — N(c, ^). 

In this way we have associated with the convergent sequence 
a function N(e,z) which is defined at each ])oint of D and which 
only takes positive integral values. In general, this function 
will not be bounded in 1 ). Rut when N(e, z) is bounded, we say 
that the sequence is uniformly convergent in the region D. 

The uniform convergence of the sequence implies, therefore, 
that there exists an integer M ~ depending on € alone, 
such that N (e, 2) M{e) at each point z of D. In other words, 
the sequence oi’ funciions *‘0(2), Si( 2 ),... converges uniformly in 
the region D to the limiting function s(z) if, given a positive 
number e, no matter how small, we can find an integer M, 
•depending oh e alone, such that the inequality |s(2)— s,j( 2 )| < e 
holds at each ])oint 2 of D provided only that n ^ M. 

The idea of imifonu convergence is of great importance in 
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analysis; for, as we shall see, it often enables us to deduce pro- 
perties of the limiting function of a sequence from the common 
properties of the members of the sequence. 

5.11. The principle of uniform convergence 

The definition which we have just given of the uniform con- 
vergence of a sequence presupposes that the limiting function 
of the sequence is known. Before we proceed to discuss the 
properties of uniformly convergent sequences, it is desirable to 
express the condition for uniform convergence in a form which 
does not involve the actual determination of the limiting func- 
tion. This is provided by the following principle of uniform 
convergence, analogous to tlie principle of convergence for 
sequences of numbers. The 7iecesmry and sufficieyit cojidiiion for 
the uniform convergence of the sequence of functions 5^(2:), 51(2), 
82(2)... in the bounded closed regiim D is that, corresponding to 
any positive number €, there should, exist an integer m(€), depending 
on € alone, such that the inequality 

holds at each j)oint z of D for every positive integer p. 

In the first place, the condition is necessary. For if the 
sequence converges uniformly to s(z), we have, in the notation 

at each point z of D i)rovided that n ^ Hence, if 

m = M(le) and p is any positive integer, 

l«m+D(z)-«m(3)l = l{«(2)-«m(2)}-l«(2)-Sm+p(2)}l 

< ls(2)-Sm(2)l+|s(z)-«m+p(2)l 

< € 

at each point z of D. 

The condition is also sufficient. For if it is satisfied, the 
sequence converges, in virtue of the principle of convergence, to 
a limiting function 5(2). If we make p tend to infinity in the 

imquaUty < <, 

we find that |s(2)— ^ 

But since ls„(z)— 5^(2)! < e at each point of D provided that 
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n > m, this inequality gives 

I«(Z)-«»( 2 )I = l{«(z)--»m( 2 )} + K( 2 )-«n(z)}l 

< I«(Z) -«m(z) 1 + l«m(z) — Sn(z) I 

<2e, 

when n > rn. Hence the sequence converges uniformly to 5(2). 

5.12. Uniformly convergent sequences of continuous 
functions 

At first sight we should expect that the limiting function of 
a convergent sequence of continuous functions would itself be 
continuous. This is, however, not the case. For example, ^he 
sequence of functions 1 , 2^,... converges at each poi^t 

within and on the ellipse — 1 , yet the limiting function 

of the sequence has the value 1 at the points 2 = ± 1 , but is 
zero at every other point within or on the ellipse. It can, how- 
ever, be proved that if s^{z), 51(2), * ^ convergent sequence 

of functions^ each continuous in a bounded closed region 1), a 
sufficient condition for the continuity in D of the limiting function 
5(2) of the sequence is that the convergence be uniform. 

For if the sequence is uniformly convergent, then, given any 
positive number e, we can find an integer M, depending on e 
alone, such that the inequality 

|5(2)-*5j2)| < € 

holds at each point z of Z), provided only that n ^ M. Hence, 
if and Z2 are any two points of Z>, 

|5(2i)-5(22)1 1{5(2i)--5^;(2i)} + {5^^(2i)-.S3^(22)} + {5u(22)-5^^^ 

^ I^( 2 ^ 2 ) ^^1/(^2) H" ^^1(^2) I 

< 2e-|- |•53|(2l)— 53^(22) I- 

But ^3/(2) is a continuous function, and so is also uniformly 
continuous. We can therefore find a positive number 8, de- 
pending only on e, such that the inequality 

< € 

holds for each pair of points 2, 2' of D for which \z--z'\ < 8. 
Hence, if |2i— 23! < 8, we have 

l5(2i)-5(22)| < 3£; 

this proves the theorem. 
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From this we shall deduce that if 50(2;), s^iz), 52(2),.-. is a 
sequence of continuous functions which converges uniformly to s(z) 
in a bounded closed region Z>, and if L is a contour lying in 
Z>, then 

The function s(z) has been shown to be continiK^us in D and 
so is certainly integrable along L. Now, given any positive num- 
ber €, we can, by hypothesis, find an integer M, depending on e 
alone, such that, when n ^ M, the inequality .5„(2)| < € 

holds everywhere in D and, in particular, on L. Hence, if I be 
the length of L, we have 


lim r 5„(2:) dz ~ { s(z) dz. 

M— >030 J 


^ s{z)dz — ^ s„{z)<h -- I" 


< d. 


Since, however, e can be as small as we please, this shows that 


lim j s„(s) dz — \ s{z) dz. 

Ld Jj 


5.IS. Uniformly convergent sequences of analytic func- 
tions 


Let us supjiose that the sequence of functions .^,(2), 52(2),... 

converges uniformhj to s{z) in every closed region D within a closed 
contour C, and that each member of the sequence is an analytic 
function regular within C\ T'hen s(z) is also regular within C and 
the sequence s^(z) converges uniformly to s'{z) in D. 

We know that the limiting function 5(2) is continuous within 
C\ we shall prove that it is also regular there by means of 
Morera’s theorem (§ 4.4). 

Let L be any contour, not necessarily closed, lying entirely 
within C, Since each member of the sequence is a regular 
analytic function, J 5,^(2) dz depends only on the affixes of the 

L 

end-points of L. 

But since L lies within (7, it lies in a closed domain in which 
the sequence of functions converges uniformly, and so 


lim f sjz) dz = f s(z) dz, 

I I 

The value of J 5(2) dz depends, therefore, only on the affixes of 
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the end-points of L, Hence, by Morera’s theorem, s{z) is regular 

within C. 

It remains to show that s^{z) converges uniformly to 5'(2;) in 
any closed region D within C. We construct a closed contour 
r which lies within C and yet is definitely outside I); let 8 be 
the shortest distance between P and D. Now let a be any point 
of i>; then, by Cauchy’s integral for the derivative of an analytic 

{z-af 


s'(a) 




dz. 


But, by Iiypothesis, convergCvS uniformly to 5(2) within 
and on P. Hence, when wo are given any positive number c, 
we can find an integer My depending on e alone, such thW 
15(2)— (2)1 < € when z is any point within or on P, provided 
that M, By the result of §4.14, it follow^s that, wheti 
n > My j 

. W{a)-s;,{a)\ < 


where I is the lengtii of P. The expression on the right-hand 
side of this inequality is independent of a, and therefore s^{z) 
converges uniformly in D to the limiting function s'(z), 

A repetition of the same argument shows that ^"(2) converges 
uniformly in every closed region within C to ^"(z), and so on 
indefinitely. 


5.2. Uniformly convergent series 

00 

Let each term of the infinite series 2 ^ni^) one-valued 

0 

function of 2, defined in a bounded closed region D. We associate 
with this series the sequence of partial sums 5o(^)> ^2(^)v 

s„(z) = Uo(z)+Ui(z)+U2(z)+...+Ujz). 


If this sequence is convergent in D and has the limiting function 
5(2), we say that the scries converges in D and that its sum 
is 5(2). If, further, 5^,(2) tends to its limiting function uniformly 
in 2>, the infinite series is said to be uniformly convergent in 
the bounded closed region Z). 

00 

If each term of the infinite series ^ ^ continuous in a 

0 

hounded closed region Z), and if the series converges uniformly 
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in Df then the sum of the series s{z) is also continuous in D. 
Moreover, if L is any contour in D, 



This important result is obtained immediately by applying the 
theorems of § 5.12 to the sequence of partial sums of the infinite 
series. 

Similarly, we deduce from § 5.13 that if each term of the infinite 

00 

series 2 is an analytic function, regular within a closed con- 
0 

tour C, and if the infinite series converges uniformly in every closed 
region D within C, then the sum of the series 5(z) is also an 
analytic function, regular within C. Moreover, ’ 

S'(3) = f <(2), 

0 

the latter series being uniformly convergent in Z). This result is 
sometimes called Weierstrass’sf double-series theorem, since his 
proof of it depended on expressing each term as a power series 
and rearranging the double series so formed. ^ 

It should be observed that we can apply Weierstrass’s 

00 

theorem to the' series ^ u!^{z), to obtain 
0 

0 

and so on indefinitely. In other words, a uniformly convergent 
series of regular analytic functions can be differentiated term 
by term as often as we please. 

5 •21. Weierstrass’s Jf-test 

One of the simplest sufficient conditions for the uniform con- 
vergence of a scries is Weierstrass’s iff-test, which runs as 
follows. The infinite series J converges uniformly and abso- 
lutely in a bounded closed region D if each term satisfies there 
an inequality \u^fz)\ ^ M^,' where is independent of z and 
is convergent. 

t Monatsherichte der Preuss. Akad. Wiaa, (1880), 719-43. This paper is 
reprinted in Weierstrass’s Werke, 2, 201-30. See also Bromwich, Infinite Series 
( 1926), 266-7, or Knopp, Theory and Application oj Infinite Series (1928), 430-3. 
4111 H 



98 UNIFORM CONVERGENCE 

The series is evidently absolutely convergent in D. To prove 
that it is also uniformly convergent in 2), we observe that, if 
8^(z) is the nth. partial sum of the series, then 

m-\-p I m+j) 00 

l«m+p(2)-«m(2)l = 2 “«(«) < 2 l««(z)l < 2 

m-f-1 « m+1 

for every positive integral value of p. Now ^ is convergent ; 
hence, given any positive number e, we can choose m so that 

2 < e. 

m + 1 

With this value of m, which depends only on e, we have 

where z denotes any point of D and p is any positive integeV. 
The required result now follows by the principle of uniform 
convergence. 

00 

Example 1. The radius of convergence of the power series 

' 0 
is R, Show that the series converges uniformly and absolutely when 
\z\ < R\ provided that R' < R. Deduce that the sum of the series is 
an analytic function regular within its circle of convergence. 

* 00 
Example 2. Show that the series J converges absolutely and 

1 

uniformly in any bounded closed region in which R1 z > 1 . 

5.22. Hardy’s tests for uniform convergence 

The two tests in this section are generalizations of those of 
§ 2.43. They are consequences of the following lemma. 

//, in a hounded closed region D, the function A^(z)vJ^z) tends 
uniformly to a finite limit as n->oo^ then if one of the series 

^o(2)Vo(2)+ 2 {^n(2)--4n-l(2)K{z). 2 ^n(2)K(2)— «n+l(2)} 

1 0 

converges uniformly in D, so also does the other. 

The lemma may be proved as in § 2.43. 

The series 2 ajz)v.j^z) is uniformly convergent in a bounded 
closed region D, if in the region D 

(i) the series 2 «n(^) uniformly bounded partial sums, 

(ii) the series 2 l^n(2^)“'^n+i(2)l is uniformly convergent, and 

(iii) vj^z) tends to zero uniformly as n^co. 
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= Oo( 2 )+«i( 2)4'...+0„(2), 

condition (i) means that there is a constant K such that 
|J„(z)| < iT for all wand all z in D. Since |J„(z)d„(z)| <iL|!;„(z)l, 
it follows by (iii) that A „ (z)vjz) tends to zero uniformly as n ^ oo. 
Hence, by the lemma, J ®n(2)«n(2) converges uniformly in D if 
2^»(2)K(3 )-«'«+i( 2)} does. 

Now condition (ii) implies that, given any positive number e, 
we can find an integer N depending only on e such that 

iV+1 A 

for any positive integer p and for all z in D. Hence 

iV-f?; N -\-p 

2 ^n(2)K(2)-W„+l(2)} 2 I^»{2)I-1M2 )-’^„+i(2)| 

N + 1 iV + 1 

iV+p 

< 2 l*’«(2)-Vn+l(z)l < e- 

iV + 1 

Hence ^ converges uniformly in D, and the 

result follows. 

The series uniformly convergent in a bounded 

closed region D if in the region D 

(i) the series 2 converges uniformly, 

(ii) the series 2 ^n+i(2^) I convergent and has a hounded 

sum, 

(iii) Vq{z) is hounded. 

If A^{z) = a„+l(z)+a„,+^(z)+a„.^ 3 (^)+..., 

then, by condition (i), A^(z) tends to zero uniformly as w ->■ oo. 
Also w„(z) is bounded in D\ for 

l«^«(2)l = Uo(2)- 2 K(2 )-W,.+i(2)} 

I 0 

< 1 ^ 0 ( 2 ) 1 + -2 IM2)-«r+l(2)| < K, 

0 

where /f is a finite constant by (ii) and (iii). Since 

l^„(2)«„(2)i < a:ia„{z)|. 
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An{z)Vn(z) tends to zero uniformly in D as n ->• oo. Hence 


Oo(2K(2)+ |;«n(2K(2) = «o( 2K(2)- ^ {^»(2)-^«-l(2)K(a) 

converges uniformly in Z) if J -4n(2){v„(z)— i;„+j(z)} does. 

Since A^(z) tends to zero uniformly, given any positive num- 
ber €, we can find an integer depending only on e, such that 
\AJz)\ < cjK for all > iV and for all z in Z). Therefore 


IJV+p 

2 ^n(z)K{z)-«^«+l( 

V+1 




0 

for all z in D and for every positive integer p. Hence 
2 -4„(2)K(z)-W„+i(z)} 
converges uniformly in /), as required. 

00 

Example 1. Tl\p powcT seri(\s whose radius of convergence 

0 

is unity, conv('rg('s at the point z -- 1. Show that the series converges 
uniformly in the domain |1 — s| < cos 8, |arg(l— 2 )| ^ 8, if 0 < 8 < 
Deduce that « oo 

0 0 * 

as 2 -> 1 along any path within the circle of convergence which does 
not touch that circlt\ 

We apply the second test of § 5.22, with a^{z) = a„, v^iz) = z". Since 
2 convergent and does not depend on z, the first condition is 
satisfied. The third condition is also satisfied since v^{z) = 1. 

When \z\ < 1, we have 

I K(z)-Vn+i(*)l = U-z| I |zr = 

Now the region defined by the inequalities 1 1 — 2 1 < cos 8, |arg( 1 — 2 ) | <8, 
is a sector of the circle with centre at 2 = 1 and radius cos 8. If 
0 < 8 < Jtt, t^ach point of the sector, save z = 1, lies within the circle 
of convergence of the given power series. In this sector we have 
\~z ^ where 0 < p < cos 8 and —8 < 0 < 8. Hence 
| 2 |* — 1 — 2pcos^-j-p* < 1 — 2pcos8-fp® 

1 — 2pcos8+pcos8 < 1 — pcosS+ip^cos^S, 
and so \z\ < 1 — JpcosS. 

It follows, therefore, that at each point of the sector, save 2 = 1 , 

2 K{z)-v„^,(z)\ < = 28ecS. 
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This inequality is also satisfied at 2 = 1, sinoe each term of the series 
2 vanishes there. The second condition of the test is 

thus also satisfied, and the proof of the first part of the problem is 
completed. 

By § 6.12, the sum of the series continuous in the stHJtor 

under consideration. Hence 

as 2 -> 1 along any path in the sector. This conclusion also holds when 
2 -► 1 along any path within |z | = 1 which does not touch the circle of 
convergence; for, by choosing 8 sufficiently near to Jtt, wo can ensure 
that such a path lies in the given sector. 

Example 2. Give an example to show that if the power series 
2 On 2 " has a finite non-zero radius of convergencti, and if the sum of the 
series tends to a finite limit as 2 -> Zq on the circle of convergence along 
a path which does not touch that circle, it is not necessarily the case 
that 2 On^o converges. t 

Example 3. Riemann’s Zeta-function is defined by the equation 

CD 

^(z) = 2 n"*, when RI 2 > 1. Show that the analytical continuation of 
1 

this function into the region whore R1 2 > 0 is given by 
(1-2i-*)^( 2) = l”*-2-^-f-3-*~4-*-f.... 

Hence show that the only singularity of ^(z) in thi^ right-hand half of 
the 2 -plano is a simple pole of residues I at the point 2 — 1. 

We have seen (§ 6.21, Ex. 2) that the sori(js defining ^( 2 ) converges 
uniformly and absolutely in any bounded closed region to the right of 
the line RI 2 = 1. Hence, by § 6.13, ^( 2 ) is an analytic function, regular 
when RI 2 > 1. Now, when Rlz > 1, 

(l-2^-^)l(z) = = 2 ^“"-2 2 (2n)-^ 

1 11 

the reordering of the terms of the series being valid by absolute con- 
veirgence. We now show that the latter serit's converges uniformly in 
any bounded closed region I) in which Rlz > 8, provided that 8 is 
positive. We use the first test of § 6.22, with / 

o„(2) = (-ir, vjz) ^ (n-hl)--. 

The partial sums of are alternately 1 and 0, so that condition 
(i) is satisfied. Condition (iii) is also satisfied, for 

K(*)| = (w+l)-K<» < (n+1)-*, 
and so Vf^(z) certainly tends to zero uniformly in D, 

f For an account of the conditions under which the converse of Aljel’s 
theorem is true, see, for example, Landau, Daratellung and Begrunduny einiger 
neuerer Ergebnisae der Funktionentheorie (Berlin, 1929), 62-67. 
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To Rhow that condition (ii) also holds, wo use tho formula 

n-f-2 

= (n+l)-*-(n+2)-* = « f t-^-^ dt. 

n+i 

This gives „ 4.2 „+2 

K(2)-«n+i(*)| < |2| [ \z\ r |3|.(n+l)-»-*. 

n-\-l n-t 1 

Since z is bounded in D, it follows by Weierstrass’s M-tcist that 
2 converges uniformly. 

We hav(i thus shown that the series 


ri(z) = + i 

converges uniformly in any bounded closed region in which Rl 2 ^> 0. 
Hence 'f](z) is an analytic function, regular when Rlz > 0. But ^hon 
R1 2 > 1. we have ^ \ 

Accordingly this equation provides the analytical continuation of {(z) 
into tlie n'gion 0 < Rlz < J . 

Now the function 1 — has simple zeros at the points given by 
(l-“Z)Iog2 = 2p7Tiy 

whore p is any integer or zero. The equation J(z) = rj(z)/( 1 — 2^“®) shows 
that a point of this set is a simple poh' of {(z), provided that r](z) does 
not vanish there, and also shows that ^{z) has no other singularities in 
the right-hand half of th(' z-plane. 

The point z 1 is a simple pole of ^(z), since 7 ^(}) = log 2. The 
residue there is (z~i)r){z) 7 j{l) , 

JZ log 2 ~ • 

But no other zero of 1 — 2^~'® is a pole of ^(z). To show this, we use the 
equation ^ (l-3-*)C(*), 


where --= l-*+2-*-2.3-* + 4-* + 5-*-2.6-*+..., 

which the readt'r will easily prove. The function 7ji{z) is evidently an 
analytic function, regular whem Rlz > 0. Hence tho polos of {(z) in the 
right-hand half of th<' z-plane are tho points of tho set 

(1— z)log3 = 2q7Ti, 

wher(' q is any integer or zero, at which 7]y(z) does not vanish. 

If ^(z) })ossessed a polc^ other than z ~ 1 in the right-hand half of tlu^ 
z-plane, th(ire would be integers p and q such that log 3/log 2 pjq, 
which is impossible. Hence ^(z) has only one pole in Rlz > 0. 


5.3. Infinite products 

The symbol 

(l+aj(l+a2){l+a3)...{l+a„)..., 
which involves the multiplication of an infinite number of com- 
plex numbers, has, in itself, no meaning. In order to assign 
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a meaning to the value of such an infinite product, we form the 
sequence of partial products p^^ where 

=TI (1+^r)- 

r=l 

If p^ tends to a finite non-zero limit as n tends to infinity, 
we say that the infinite product is convergent, and we write 

=n(l+«r)- 

r=l 

If, however, p^ tends to zero or does not tend to any finite 
limit, we say that the infinite product is divergent. 

In order that tlic infinite product may converge it is neces- 
sary that no factor should vanish; for if = 0, thenp,^ = 0 

when m. We shall supi)ose this condition is always satis- 
fied. It is also nccessaryt that 0 as n -> oo, since 

Vn = 

We shall now show that the necessary and sufficient condition 
for the convergence of the infinite product n (1+a^) is the con- 
vergence of the series 21og(l+a^), where each logarithm has its 
principal value. 

n 

Let us write 5,^ = 2 log(l+a,.). 

r=i 

We then have p^^ = exp(5,^). But since the exponential function 
is continuous, s,^ s implies that p^^ -> e**. This proves the 
sufficiency of the condition. 

Now s,„ = logjj„+2gr„7Ti, 

where is an integer. Since the principal value of the logarithm 
of a product is not necessarily the sum of the principal values 
of the logarithms of its factors, is not necessarily zero. We 
show that is, however, constant for all sufficiently large values 
of n\ from this the necessity of the given condition will follow 
immediately. 

Let us write and for the principal values of the argu- 
ments of and p,,^ respectively. If the infinite product is 

convergent, -> 0 and jS, say, as w -> oo. The integer 
is then given by 

ai4-a2+-+“n = 

t The example of the infinite product fl (1-f 1/w), for which Pn= (n-f-l)* 
shows that this condition is not sufficient. 
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2(?n41— = “»+l— (^n+1— ^n) 0 

as n -> 00 . But since is an integer, this implies that J 

for all sufficiently large values of n. 

Therefore, if tends to the finite non -zero limit ^ as -> oo, 

it follows that „ i .• 

logp + 2?7rt, 

and so the condition is also necessary. 


5.31. Absolutely convergent infinite products i 

The infinite product JJ (1-fa^) is said to be absolutely con- 
vergent if the series absolutely convergenl^. 

Evidently an absolutely convergent infinite product is con- 
vergent and its value is not altered when its factors are de- 
ranged. The necessary and sufficient condition for the absolute 
convergence of the infinite product is the absolute con- 

vergence of the series ^a^^. 

For since 0 as ri “> oo, we can find an integer N such 
that la„ I < \ when n ^ N, Hence we have, when n'^ N, 

^ log(l+a„) 

«« 

< j{Ki+i««r'‘+Ki®+-} < i 

and so J la„ j |log{ 1 +aj | | |o„ | . 

This shows that the series 2 converges absolutely if 

and only if the series ^ |a,J is convergent, and the required 
result follows at once. 


^ I ^ 

2 3 4 


5.32. Uniformly convergent infinite products 

Let u^(z), u^{z), u^(z),... be a sequence of one-valued functions, 
defined in a bounded closed region 2), such that the infinite 
product IT converges at each point of D, If the 

sequence of partial products 

/«(2) =n {l+«r(2)} 

r=l 

converges uniformly in D, we say that the infinite product con- 
verges uniformly in D. 

The simplest test for the uniform convergence of an infinite 
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product is the -3/- test, which states that the infinite product 
IT converges uniformly and absolutely in the bounded 

closed region D if each function u^(z) satisfies there an inequality 
Nn(^)l ^ -^n» '*^here is independent of z and is con- 

vergent. 

The absolute convergence of this product is a consequence 
of §5.31. 

71 

Let us write (1 Then since ^ convergent, 

tends to a finite limit as oo. 

Now when n> have 

m + 1 

But if we multiply out [1 -\-Uj.(z))—\y we obtain an expression 

m+ 1 

of the form 

2«r(2)+ i;«r(2K(2)+ 2«r(2K(2K(2) + ••• + 

+«m4^(2K«+^(2)•••««(2). 
whose absolute value does not exceed 

rn -f 1 

Hence we have 

ni / n 

l/„(2)-/,„(2)| ^ IT n == Pr-Pnr 

r-1 'm+1 ' 

But since P^^ tends to a limit, we can assign arbitrarily a 
positive number e, and then choose m so that 0 < P^^— -P,^ < e 
when n'> m. This gives 

l/«(2)-/Jz)| < € 

when n > m and z is any point of D, Since m depends only on 
c, the sequence of functions fi(z), / 2 ( 2 ), / 3 ( 2 )v converges uni- 
formly. The test is thus established. 

Finally, it follows immediately from § 5.13 that if the infinite 
product Y[ {l+'*^/t(2J)} converges uniformly to f(z) in every closed 
region within a closed contour (7, and if each factor of the product 
is an analytic function^ regular within C, thenf(z) is also regular 
loithin C. 
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Example. Discuss the convergence of the infinite products 

(i) 

<“> (‘-i)(‘+i)(*-D(*+l) ■■ 

in any bounded closed region D which contains none of the points 

i ±2,... . 

There exists a constant R such that |z| < iiJ when z lies in D. Since 
\z^ln^\ 5^ R^jn^ and 2) R^jn^ is convergent, the product (i) conveijges 
uniformly and absolutely in D, by the M-test. If F(z) is the value of 
the product, it is an analytic function,! regular in D. \ 

On thci other hand, the product (ii) does not converge absolutely \in 
D, since the series ii( 1 -j- 1 + i + i 4* i + i -f • • • ) is divergent. Let us write 
for tlie nth partial products of (i) and (li) respectively. Then 
we have . v 

/,„(z) = F„(z), = (l - — J F„[z), 

and so the sequences f^(z), fsiz), and f^{z), ft{z), fa(z),... both 

converge uniformly to Hence the inlinite product (li) converges 

uniformly in U to F(z). 

To discuss the third product we write 

(l_£)e^/» = l-u„(*), 


where 


Then 



when n > R. Similarly wo have 


(l + £)e-*/» = 1 -«„(*), 



where \vj^z)\ < e^RjnY when z is any point of D and n > R. The 
Jkf ‘test shows that the product (iii) converges uniformly and absolutely 

in D. 

Finally, since the partial product of (iii) of order 2n is equal to FJ^z), 
the third product also converges to F(z). 


5.4. Functions depending on a parameter 

Let /( 2 , a) be a one-valued function of the two complex 
variables z and a, defined when z lies in a bounded closed 
■f It is well known that F(z) — sin ttzKitz). See § 6.83, Ex. 
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region D and a lies in the circle |a— a„| < p. If /( 2 ,a) tends 
to a finite limit ais a cxq when z is any point of 2), the 
limiting function F[z) has a definite finite value at each point 
of 2). 

Let us suppose that this is the case. Then, given any positive 
number €, we can find a positive number 8(e,s), depending on 
€ and on z, such that \f{z,0L)—F{z)\ < € when \ol—olq\ < 8. 

We choose 8 as large as possible.f Then 8(e, z) is a one-valued 
positive function of z defined everywhere in 2>. If there exists 
a positive number A(6), independent of z, such that 8(6, z) ^ A(6) 
at each point z of 2>, wc say that/( 2 :, a) tends uniformly in D to 
the limiting function F(z) as a -> <xq. 

By the appropriate modification of the analysis of § 5.12, we 
can show that iff(Zj a) is a continuous function of z in the bounded 
closed region D for each value of ol in |ot— c^ol ^ 
f(Zj oc) -> F(z) uniformly as a. a^, then F[z) is continuous in D, 
Moreover, if L is any contour lying in D, 

lim f f{z,oL) dz — { F{z) dz, 

L L 


Again, by an argument similar to that of § 5.13, we find that 
if, for every value of a in [a — ckq I <p. the function f(z, oc) is an 
analytic functio7i of z, regular within a closed contour C, and if 
f{z,oc) -> F{z) uniformly in every closed region D within C, then 
F(z) is regular within C and 


uniformly in D, 


dz 


F\z) 


5.5. Analytic functions defined by definite integrals 

Let F{z, t) be a one-valued function of the complex variable 
z ~ x-\-iy and the real variable t defined when z lies within 
a closed contour C and a ^t ^ b. Let us write 

F(z,t) = (f>(x,y,t)+iilj{x,y,t), 

where (f) and ifj are real functions of the three real variables 

t The existence of a largest 8 is readily proved by means of Dedekind’s 
section of the real numbers. 
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X, yy t. If <f> and ^ are continuous functions of position in the 
corresponding region of the three-dimensional space in which 
(x, y, t) are rectangular cartesian coordinates, we say that F{Zy i) 
is a continuous function of both variables z and i. 

We shall now show that if F{z, t) is a continuous function of 
both variables when z lies within a closed contour C and a ^ t ^ b, 
and if, for each such value of t, F(z, t) is an analytic function, 
regular within C, the function 

h 

f(z) = J F{z, t) dt 

a 

is also regular within C and its derivatives of all orders may be 
found by differentiating under the sign of integration. 

To prove this, we divide the range of integration into n equal 
parts by points 

« = ^0 < <1 < <2 < - < 
and consider the behaviour of 

/«(«) = i 

r=l 

as n -> 00. Since F(z, t) is a continuous function of t^ 

h 

/„{2)-> J F(z,t)dt =f(z) 

a 

as w 00, for each value of z under consideration. 

We now show that f^(z) tends to its limiting function f(z) 
uniformly in every closed region Z> within C, Since F(z,t) is 
a continuous function of both variables when z lies in D and 
a ^ ^ 6 , it is uniformly continuous there. Hence, given any 

positive number €, we can find an integer m, depending only 
on €, such that the inequality 

lF(z,t)^F(z,ni<e 

holds when z is any point of D provided that (b—a)jm. 

But, since 
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we have 

n }r 

l/„(2)-/{2)l < I I \F(z,t,)-F(z,t)\dt<{b-a), 


provided that n m, and so the sequence is uniformly con- 
vergent. 

By the theorem of § 5.13, it follows that f(z) ’s an analytic 
function, regular within C, and also that/;( 2 ) uniformly 


in D. But since 


/;(») = 2 




this implies that 


m = J 


dF(z,t) 


The derivatives of higher orders may be discussed in the same 
manner. This completes the proof of the theorem. 

£xaipf>le. Show that tho equation 

27r 

r dt _ 2n 

0 

holds everywhere in the z-plane, supposed cut along the real axis from 
— 00 to —1 and from +1 to +oo, provided that the branch of ^( 1 — 2 *) 
which reduces to + 1 at the origin is taken. 

Tho integrand is a continuous function of both variables, save when 
z = — coscct. Now as t varies from 0 to tt, this point moves along the 
real axis from — oo to — 1 and then back to — oo; as t increases from tt 
to 27r, it moves along the real axis from + oo to +1 and then back to 
+ 00. Thus the integrand is a continuous function of both variables 
when t is real and z lies in the cut 2 -plane; moreover, for each such value 
H of it is an analytic function whose only singularity is a pole lying on 
one or other of the cuts. Hence, by § 5.5, tho value of the integral is 
an analytic function, regular in the cut plane. 

We can, however, show by elementary methods that, when — 1 < z < 1, 
the value of the integral is 27 r/^(l— z*), the positive square root being 
taken. But the branch of 27r/^( 1 — z*) which is positive when — 1 < z < 1 
is an analytic function, regular in the cut plane. 

We have thus shown that the expressions on each side of the equation 

2rr 

C __ _27r 

J 1+zsini -^(i — z*) 

0 

are regular in tho same cut plane and are equal when — 1 < z < L By 
analytical continuation, this equation holds everywhere in the cut plane. 
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5.51. Functions defined by infinite integralsf 

Let the function F{z, t) satisfy the following conditions: 

(i) it is a continuom function of both variables when z lies 

within the closed contour C and a ^t ^ T, for every 
finite value of T; 

(ii) /or each such value of t, it is an analytic function of 2 , 

regular within C; 

(iii) the integral «> 

f(z) = I F(z, t) dt 

is convergent when z lies within C and uniformly Con- 
vergent when z lies in any closed region D within, C, 
Thenf{z) is an analytic function of z, regular within C, whose 
derivatives of all orders may be found by differentiating under the 
sign of integration. 

The third condition means that, as the real positive number 
T tends to infinity, 7 . 

J F{z, t) dt 

a 

tends to f{z) when z is any point within C and that the con- 
vergence is uniform when z lies in D. 

Let us consider, then, the behaviour of 


S„{z) = J F{z,t) dt 


a 


as the integer n tends to infinity. By § 5.5, f„{z) is regular within 
C and satisfies all the conditions of the theorem of § 5. 13. Hence 
f(z) is regular within jC, and f^{z) converges uniformly to f(z) 
in D. But 


fi 




and so 


00 

w = J 


dz 


dt. 


This completes the proof of the theorem. 

t R is assumed that tlio reader is acquainted with the theory of the con- 
vergence of iiifinito integrals, as given, for example, by Hardy, Pure, Mathe- 
matics (1946), Chap. VIII. 
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5.52. Tests for the uniform convergence of Integrals 

The simplest test is the analogue of Weierstrass’s Jlf -test. Let 
F(z,t) be a continuous function of t when z lies in a bounded 
closed region D and t ^ a, satisfying at each point of D the 

inequality \F(z^t)\ ^ where M(t) is a positive function, 

00 

independerU of z. Then, if J M(t) dl converges, the integral 

a 

00 

J F(z, t) dt is uniformly and absolutely convergent in D. 

a 

T 

Since f (z, <) is a continuous function of t, J F{z, t) dt exists 

a 

for every value of T (> a) and for each point z in Z). By 

00 

hjrpothesis, J M(t) dt converges; given e (> 0) we can choose T, 

00 

independent of z, so that J M(t) dt < e. But if T* > T, we have 

T 

T‘ T' 

J F(z,t)dt s;C J \F{z,t)\ dt M(t)dl < e. 

T ' T T 

00 

Hence j F(z,t) dt converges absolutely and uniformly in D. 

a 

The following tests for integrals which do not converge 
absolutely are frequently of service. Let u(zj) and dv[z,t)ldt he 
continuous functions of t when z lies in a bounded closed region 

oo 

D and t ^ a. Then the integral J u{z, t)v{z, t) dt is uniformly con- 

a 

vergent in D if either of the following sets of conditions is satisfied: 

J. 

I. (i) J u{z,t)dt K, where K is independent of z and T, 



dt is uniformly convergent in D, and 


(iii) v(z,t) as t->oo uniformly with respect to z. 
00 

II. (i) J u(z,t) dt is uniformly convergent in D, 

a 


oo 



a 


dt converges and is a hounded function of z. 


(iii) v(z,a) is a hounded function of z in D. 
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The proofs of both tests depend on the following lemma. 

//, in a bounded closed region D, U{z,t)v(z,t) tends uniformly 
to a finite limit as t tends to infinity y then if one of the integrals 

fj a 

converges uniformly in D, so also does the other. 

This follows at once from the formula for integration by parts 


J J U{z,t) 


dv(z, t) 


= U{z, T)v{z,T)—U(z,a)v(i,a) 

by making T tend to infinity. 

For i)revity, we consider only conditions II. If we write 


U(z,t) = J u{z,0) dO, 


then, by II (i), U{z,t) tends to zero uniformly in D as <->oo. 
Also v(z, t) is bounded in D, since 


I I 

|j;(z,f)| = «(z,a)+ J ^ l«^(2.«)l+ J 


dv{Zy 6] 


Mz,a)\+ ^-^de<K, 
whore K is a finite constant by II (ii) and (iii). Since 

\U{Zyt)v(Zyt)\ < K\U{Zyt)\y 

ll(zj)v(z,t) tends to zero uniformly in D as t co. The lemma 
then sliows that 

00 00 

J u(z,t)v{z,t) dt= — j dt 

converges uniformly in D if the same is true of 


j t/(z, 
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Since U{z,t) tends to zero uniformly, given any positive 
number e, we can find a number T independent of z such tliat 
\U{z,t)\ < ijK for and all z in D. Hence if T > T, 


T’ 

I U(z,t) 


dv(z, t) 

~dr~ 




i/i 


|civ(z,<) 
dt 


dt < 


K 


00 

/ 


dv(z,t) 

~dr 


dt < € 


for all z in D, Therefore 


00 



converges uniformly in i), as required. 

Example/f^ Show that 


wlu'ii Rls > 0, provided tliat the branch of which is positive on the 
real axis is taken. 

J.(‘t D l)(‘ any bounded closed region wliich contains ])art f)f the reniJ 
axis and lies entirely to the right of the imaginary axis, so that tho 
iru'quality Rls > 8, where 8 > 0, is satisfied at each point z of D. Now, 
if s - x+iy, ^ 

00 

and J c~^* dt is convergent. Hence, by the iWT- test, tho given integral 
0 

converges uniformly and absolutely in I>, and its value is an analytic 
function of z, regular in D, 

When z is real and positive, wo can evaluate the integral by the 
substitution zt^ -- u^, which gives 




e~“* du — 



the square root being positive. Hence the expressions on each side of 
the equation ^ 

0 

are analytic functions of z, regular in D, which are equal on the positive 
part of the real axis, provided that we take that branch of the square 
root which is positive when z > 0. It follows, by tho principle of 
analytical continuation, that the equation still subsists everywhere 
in D. 

4111 


I 
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Example 2. Show that the result of Ex. 1 holds when Rlz > 0, 

00 

provided that z ^ 0 . Deduce the value of J cos dt. 

0 

00 

We prove, first of all, that, if a > 0, J dt converges uniformly 

a 

when r < \z\ R, |argz| < Jtt, no matter how small the positive 
number r may bo. The Af-test is obviously inapplicable here, since 
“ 1 when RI2 == 0. 

Now if S is any positive number less than r, wo have seen that the 
intt‘gral converges imiformly when RI2 > 8, \z\ R. Accordingly it 
suffices to demonstrate its uniform convergence in the two rectangles 
defined by 0 < RI2 < 8, p < |Im2| < R, wIktc p — — 8^'| > 0. 

This we do by writing the integral in the form 

00 

I dt, 

a 

where 2 ~ x-{-iy, and then applying the second test of § 5.52, with 

u(Ztt) — v(Zyt) = 

Now, when 0 < X <: 8, p < |t/j < i?, wo have 
u(z, t) dt 

so that condition I(i) is satisfied. Again l(ii) also holds; for dvjdt is of 
constant sign and 

C dv(z, t) 

] bt ^ T a a 

as T —> 00, uniformly with respect to 2. Finally, since |v(2, 0| C 1A» 

00 

condition I(iii) is satisfied, and so J dt converges uniformly. 

a I 

00 

We have thus shown that J e~^* dt converges uniformlyt when 

0 

r < |2| < R and |arg2| < ^tt, and so represents a regular analytic 
function. But in the part of this region for which RI2 > 8, the value 
of the integral is ^*J(ttIz). Hence, by analytical continuation, this is the 
value of the integral when R1 2 > 0, provided that 2 7*^ 0. 

Putting 2 = we have 

J exp( — == 

•f Actually we proved this result with a as lower limit. This, obviously, 
does not affect the result but considerably simplifies its proof. It should be 
observed that the integral diverges when 2=0 and also when R1 2 < 0. • 
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In particular, 


and so 


J dt = JVTre”’^/^ 
0 


00 

J cos dt 
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MISCELLANEOUS EXAMPLES 


1. Show tliat the sc'ries converges absolutely but not uni- 

forinly in the sector \z\ r, B, |arg^:| r- 8, where 0.< S < in. Is the 
jonvorgence uniform wlion r r; 7?, |arg 2 :| -.'8? 

2. Provo that the sum of the seriesf 





s an analytic function wliosc* only singularities arc simple poh's at the 
Doints z ~ 0, i L . 

m 

3. Show that, if 2 conviTgent, tJu' series converges 

J 

>vhen Rlz T * 0, but is not lu'cc'ssarily conv(*rgent when Rls -- 0. Provo 
also that the* (!onv(irg(me<' is uniform in any bounded closed region 
'or which Rl« r - 8 wIh'to 8 > 0. 


4. The s('ri('s U)(-^-"2“)..,(2:“-- ri“) is known to converge for 

1 non-int('gral vaha*, of 2 . Show that it converges uniformly in any 
^ound(^d closed region. 


5. Discuss the corivc'rgence of tlie following infinite products: 


CO 

(i) n 


(«.n( 


e2*/n 




n+2 


Show also that, when kl < the value of the product (iv) is 1/(1 — 2 ). 


00 CO 

6. If J dt converges, show^ that | dt is uniformly conver- 

0 0 

^ent when \z\ < R, jargsj < 8, if 0 < 8 < 


t The accent indicates that the torm corresponding to w = 0 is omitted. 



116 


UNIFORM CONVERGENCE 


00 

7. Show that J dt is uniformly and absolutely convergent in 

— 00 

any bounded closed region and that its value is Vtt e®*. Deduce that 

00 

J e~^* cos 2ty dt ^ 

— oo 


8. The function F(z, t) satisfies the conditions of § 5.5 save that it does 
not tend to a finite limit as t -> a, but 
b b 

f F{z, t) dt - lim f F(z, t) dt (8 > 0) 

J 8-^0 

a rt-+ 8 

exists. Show that if this limit is approached uniformly when z 
any bounded closed region within C, th(5 function 



dt 


is an analytic function, regular within C, whose derivatives may be 
calculated by differentiation under the sign of integration. 


, 00 00 

9. Show thatt J^®”^cos<df, J t^^^smtdt 

0 0 

represent analytic functions of z which are r(»gular when 0 < < 1 

and —1 < RI 2 : 1 respectiv^ely. 

10. Prove that th(i equation 

r(2) =- I dt 


defines an analytic function of 2 , riigular when R1 2 > 0, which satisfies 
the difference equation r( 2 +l) — zT(z), 

1 00 

t Consider f and J separately, 
b 1 



CHAPTER VI 

THE CALCULUS OF RESIDUES 

^.1. Cauchy’s theorem of residues 

Let f{z) be continuous within and on a closed contour G and 
'egular, save for a finite number of poles, uithin C. Then 

J f(z) dz — 2Trix{sum of residues of f{z) at its poles within C). 



If we denote by 2 ^, z.^,..., z„ the poles of f{z) within C, we can 
evidently draw a set of circles of radius e and centre 2 ^, 
which do not intersect and all lie within 6', provided that e is 
sufficiently small. Then f(z) is regular in the domain bounded 
jxternally by C and internally by the circles C^. We can, there- 
fore, deform C continuously without crossing a singularity of 
r( 2 ) until it consists of the circles 6^ joined together by a poly- 
gon P, as shown in the figure. We then have 


J f(z) dz = j f(z) d2 + 2 / M = f{z) dz, 

C P cv cv 

the integral round the polygon P vanishing since /( 2 ) is regular 
within and on P. 

Let Zf be a pole of order m, say, so that 


m 

f[z) = f,{z)+ 2 


(2-2,)*’ 
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where (f){z) is regular within and on Then 
r r n 

Cr Cr 

Now on Cj., z = Zj,~\-€e^^ where 6 varies from 0 to 277 . Making 
this substitution we find that 

rn 

j f(z) dz = J dB — 

(Jr 0 

— 27 ri X (residue of f{z) at z^.). 

From this it follows that 


I /(z) dz 

c 



dz 


= 27 rix 2 (I'esidue of f{z) at z^). 

r=l 

This completes the proof of Cauchy’s theorem of residues. 


6.2. The number of zeros of an analytic function 

An important deduction from Cauchy’s theorem of residues 
is a formula for the number of zeros of an analytic function 
within a given closed contour. Let f(z) be regular within and 
on a closed contour C, save for poles 62,. ^7,, none of which 

lie on C. Moreover, let f(z) not vanish on C but have zeros 
a^, agvj within C. Then, by the theorem of residues, 


2771 J f(z) 


dz 


is equal to the sum of the residues off{z)/f{z) at its singularities 
within C, 

Now the only possible singularities of this function are the 
poles and zeros of f{z). If a is a zero of order r, we have 
f{z) = {z-aYi>(z) 

where ^(2) is regular and non-zero in a certain neighbourhood 
of a. This gives r 

f{z) z-a'^ <f,{z)’ 

But since <f)\z)l<f>{z) is regular in the neighbourhood of a, the 
function /'(2)//(2) has a simple pole of residue r at 2 = a. Simi- 
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larly, if a = 6 is a pole of order s of the function f{z), then 
f'{z)lf{z) has a simple pole of residue — « at 2 = 6. 

If, therefore, the order of the zero at z = Op is and the 
order of the pole at z = 6^ is Sp, we have shown that 


J_ f/'(2) 

27n J 7(2) 


dz=2 rp 

P = 1 


P = 1 


This result takes a particularly simple form if we agree to regard 
each zero of order r as equivalent to r simple zeros and each 
pole of order s as equivalent to s simple poles; for, with this 
convention, 


-• { 

2771 J 


dz 

m 


is equal to. the excess of the number of zeros of f{z) within C 
over the number of poles there. 

If we actually carry out the integration, we find that this 
excess is equal to 

^^[log/(2)Jc = j>^[logl/(2)l+iarg/(2)]^, = ^[arg/(2)]p, 

since logl/( 2 )l returns to its original value when we go once 
round C. Hence the excess of the 7mmber of zeros over the number 
of poles of f{z) within C is (l/27r) times the increase in arg/(s) as 
z goes once round C, This result is sometimes called the principle 
of the argument. 

Example 1 . If g{z) is regular witliin and on C and f{z) satisfies the 
conditions of § G.2, show that 


Example 2. l^f(z) is regular within and on C and doc's not vanish 
on Cy show that tlie sum of the alHxes of the zeros of f(z) within C is 


27ri 


J 


zf'(z) 

m 


the affix of a multiple zero being repeated according to its order. 

6.21. Rouche’s theorem 

Rouchef has proved that, if f{z) and g{z) are two functions 
regular within and on a closed contour C', on which f{z) dpes not 
t Journal de r£cole Fol. 39 (1862), 217. 
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vanish and also \g(z)\ < |/( 2 )|, then f{z) and f{z)+g{z) have the 

same number of zeros within C. 

For let f{z) and J(z)-{’g(z) have respectively m and n zeros 
within C, multiple zeros being counted according to their order. 
Then the function 


m = 1 + 




has n zeros and m poles within C, and is regular and never 
zero on C. By the principle of the argument, 27 T(n—m) is 
equal to the increase in the argument of F{z) as z goes round C. 
But, when z is on C, we have i 


/(z) 


Hence as z goes round ( 7 , F{z) describes a closed path entirely 
to the right of the imaginary axis, so that its argument returns 
to its original value; and this proves Rouche's theorem. 

In particular, if we take 


f{z) = aoZ”. 

, g(z) 

we have ^ " 

/(z) 


g(z) = aiZ^-HozZ^-^+.-.+a^, 

^ /I I I 


which can be made as small as we please by taking \z\ suffi- 
ciently large. Hence there exists a circle = i? on which /(2) 
does not vanish and also \g(z ) | < \f(z)\. But f{z) has one zero of 
order m within this circle; therefore, by Rouche's theorem, the 
polynomial + has precisely m zeros within 

the circle jz] = 22 for all sufficiently large values of R. If these 
zeros are Zj, z^,..., multiple zeros being repeated according 
to their order, the function 

(z-zi)(z-z2)...(z~zj 

is an integral function which tends to a^ as |z| oo, and so has 
the value Uq for all values of z, by Liouville's theorem. Hence 

ao2"'+ai2’"-^ + ...+0« = «o(z— Zi)(z— 22 )-(z— 2m)- 
We have thus proved the fundamental theorem of the algebra 
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of complex numbers, that a polynomial of degree m has m zeros 
and can be expressed as a product of m linear factors. 

Example 1 . Prove that a rational function takes any given value 
p times where p is the number of its poles, including the point at infinity, 
a pole of order 8 being counted 8 times. 

Example 2. Each function of the sequence /□(s), is 

regular in the closed domain D bounded by a closed contour G. The 
sequence converges uniformly to f(z) in D. Show that, if f(z) does not 
vanish on C, then /(z) and the functions /„(z), for all sufiicicmtly large 
values of n, all have the same number of zeros within C. 

Prove also that a zero of f(z) is either a zero of /^(z) for all sufficiently 
large values of n or else is a limiting point of the set of zeros of the 
functions of the sequence. (HuRWiTZ.f) 

6.22. Inverse functions 

Let f(z) be an analytic function, regular in a neighbourhood of 
the point Zq, at which it takes the value w^. The necessary and 
sufficient condition that the equation f(z) ~ w should have a unique 
solution z = F{w), regular in a neighbourhood of is that 
should not vanish. 

The condition is obviously necessary. For if F(w) were regular 
in a neighbourhood of would be finite; since, however, 

F\Wq) = l//'(2o). /'(^o) cannot be zero. 

The proof of the sufficiency of the condition is much more 
difficult; the one given below is due to Landau. J We shall sup- 
pose that Zq Wq are both zero; for, if they were not, we co\jld 
make the transformation z' = z—z^, w* = w—w^. By hypo- 
thesis, f(z) is regular when | 2 ;| ^ JS, and so can be expressed 
there as a convergent Taylor series 

f(z) = a^z+a^z-+..., 

where \f'W\ = |ail = a > 0. 

Now if z^ and Zg any two points of the region \z\ < Ai? 
where A < 1, we have 

|/(3i)-/( 32)| ai+ 20n(2?-H3r%+..-+2?-') 

^ a— 2 
2 

t Math. Annalen, 33 (1889), 246-66. 

J Berlin Sitzungaherichte (1904), 1118-33; (1926), 467-74. Math. Zeitachrift, 
30 (1929), 616-17. 
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Hence if A is so small that 


< a, 

the equation w ~ f{z) can have at most one root in | 2 | ^ Ai?. 
Moreover, if such a root exists, it is not a multiple root; for 


\m\ = 


CO 

2 


>0—1; nlo„lA»-ii2"-i > 0. 
2 


But, by hypothesis, f{z) is regular in Is] ^ iJ and so satisfies 
there an inequality 1/(2:) | ^ Jkf, where J/ is a finite constant. 
Hence, by Cauchy’s inequalities, we have ' 

a^MIR, \a,\^M/R-. \ 

and therefore \ 


2 

2 




2 

14 


M 

R 




MX( 2 -X) 2 MX 

Rli-xy^ ^ i?(i-Aj2’ 


If we now take A = ^Ra/M, so that A ^ i, we easily find that 


2 < 8 a/ 9 . 

2 


Hence the equation w = f(z) has at most one simple root in the 
region \z\ ^ {R^a/M, 

This, of course, implies that f{z) has but one zero when 
121 < i R-ajM, namely the known simple zero at the origin. We 
deduce from this, by the aid of Rouche’s theorem, that f(z)—w 
has precisely one simple zero in the same region, provided that 
w is not too large. 

Now when \z\ = ^R-a/M, we have 

1/{2)| > Kz\- f la„2»| 

2 

^ a\z\—M 2 
2 

R^a^ ..^IRaY 

“4J^i 4:M-lta) ^ m’ 


by making use of the fact that Ra ^ M. We now see, by using 
Rouche’s theorem, thdit f{z)—w has just as many zeros as/(z) 
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in the region |zl < provided that 1 mj| < In 

other words, it has precisely one simple zero there; let us denote 
this zero by F{w). 

Finally, by § 6.2, Ex. 2, we can obtain an explicit forrhula 
for F{w), namely 



2 /'( 2 ) 

i{z)-w 


dz. 


where C denotes the circle | 2 | = On the contour C, 


z = 

where t varies from 0 to 2??, and so the integrand is a continuous 
function of t and w. Hence, by § 5.5, F(w) is an analytic func- 
tion of w, regular when \w\ < This completes the 

proof of the sufficiency of the condition. 

It should be observed that we have not proved that J 
is the radius of convergence of the Taylor series for F{w) in 
powers of w. All we know is that the radius of convergence is 
not less than \R^d^jM, 

Example. The function J(z) is regular in a neighbourhood of the 
point Su, at which it takes tho value w^. Show that, if tlio first jo— 1 
derivatives of/(z) vanish at 2 ^, the (5quation/(z) = w has a solution 


1 

where the series of powers of {w—WqY^^ converges in a neighbourhood 
of Wq. Deduce that 2 is a ^-valued function of having a branch-point 
at w^. ^ 


6,23. Lagrange’s formula for the reversion of series 

We have just seen that, if 

f(z) = WQ+a^(z-ZQ)+a^(z-z^;)^+... (a^ ^ 0) 

is regular near Zq, there is a unique function 
F{w) = 2 :o+^i(^— 

regular near Wq, such that z = F(w) is the solution of the equa- 
tion w =f(z). It is possible to obtain the coefficients by 

00 

substituting in the equation w—Wq — ^ power 

1 

series for z—Zq, and equating coefficients. A more elegant 
method can, however, be obtained by means of Cauchy’s 
theorem, as we shall now show. 



124 


THE CALCULUS OF RESIDUES 


In the notation of § 6.22, we have 

f 

27n J f(z)—w* 

where C is the circle \z—Zq\ = \R^alM, From this it follows, 
by integration by parts, that 

F*(w) = r Y dz = — . r dz 

^ 27n J {f(z)—wY 27n J dz^'^^ ^ ^ 

c 

__ 1 r dz 
“ 27ri J f(z)—w' 


and so 




We have, however, shown that 

' |/(2)-u>o| > \R^a^lM 

when z lies on the contour C. Hence if 

where 0 < A < 1, the infinite series under the sign of integra- 
tion in the formula for F\w) converges uniformly with respect 
to z and so can be integrated term by term. This gives 


where 


F'(w) = 2 

n^l 


dz 

{/(2) — W’o}”' 


2tti j 


Since f(z)—WQ has a simple zero at Zq and vanishes nowhere 
else within or on C, the coefficient n6^ is evidently the residue 
of {f(z)—WQy^ at the point Zq, A simple method of finding 6^ 
is to proceed as follows. If we write 

^(z) is regular within and on C, and therefore 

n 6 „ = — f dz = — - — r.^!lL{,^( 2 )}n] . 

" 2 m J {z-z,r (»- 1)! " L. 
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If we substitute this value of 6„ in the series for F'{w), we 
find that iff{z) is regular in a neighbourhood of and iffiz^) = Wq, 
/'(zo) 7 ^ 0, then the eguaiion 

f(z) = w 

has a unique solution, regular in a neighbourhood of m’q, of the form 


where 


f(z)-WQ = {z^ZQ)l<f>(z). 


This is Lagrange’s formulaf for the reversion of a power 
series. It is a particular case of the following more general 
expansion 


n=l ^ 




which is also due to Lagrange. The proof of this is left to the 
reader. 


6 ,3. The evaluation of definite integrals 

The rest of this chapter is devoted to one of the first applica- 
tions which Cauchy made of his residue theorem — the evalua- 
tion of definite integrals. The method to be adopted in any 
particular case should be clear after a consideration of the 
typical examples discussed below. 

It should, however, be observed that a definite integral which 
can be evaluated by Cauchy’s method of residues can always 
be evaluated by other means, though generally not so simply. 
On the other hand, quite simple definite integrals exist which 
cannot be evaluated by Cauchy’s method. 


We discuss here three main types of definite integral, namely 


2 ir 00 00 

J /(cos 0, sin 6) dd, j f(x) dx, J x^-^f{x) dx. 


0 —00 0 
We also show how the values of certain integrals, usually deter- 
mined by a complex change of variable, can be easily found by 
means of Cauchy’s theorem. 


t Mdmoires de VAcad, Roy. des Sci. (Berlin) 24 (1768), 261. 
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27T 

6.4. The evaluation of J /(cos0, Binff) dd 

0 

If /(cos 6, sin 6) is a rational function of the two variables cos d 
and sin 6 which is finite on the range of integration, we make 
the transformation z = The integral becomes 

j giz) dz, 

C 


where g{z) is a rational function of 2 , finite on the circle C 
whose equation is | 2 | 1. The labour of evaluating the residues 

of g{z) may often be considerably lightened by prelimiiiary 
manipulation of the integral, before introducing the complex 
variable 2 . 



Exa 


Evaluate 


J a^+si: 




where a is positive. 


If we denote the required value of the integral by /, we know that 


I 


tiTT 

if a d(^ 

2j a^-l-sin^^’ 


since the intt'grand is periodic, of period tt. We may now evaluate the 
integral by the method of contour integratjon by making the substitu- 
tion 2 This, however, leads to an intc'grand containing a poly- 

nomial of degree 4 in the denominator, so that the work would be rather 
laborious . 

A simpler rnetliod is to write 


r- f _ f 

'■ J a^+sin^ J 


2ad<f> 


1-f 2a2— cos2^ 


0 0 
and then to put z = In this way we find that 


2n 

r adO 

J J+2a2-cos6»’ 




2ai 


22(1 + 202)+ 1 


dZy 


where C denotes the circle \z\ = 1. 

The integrand has simple poles at the points 1 + 2a2 + 2a>y/(l + a2) and 
(l + 2o2) — 2oV(l+«®). If we take the positive square root, the former 
point lies outside C, the latter within C; moreover, the residue at the 
pole within C is ^ 

\ +0*) 

From this it follows, by Cauchy’s theorem of residues, that 

/ = 7r/V(l+a2). 
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Example 2. Evaluate J e®c«Scos(ntf— sin^) dOy where n is a positive 
0 

integer. 

Consider 2ir 

/ = J e^^[co^{n0~-smd)—iBm{nd—smd)}d6 


0 

2ff 


_ J gcosfl+islnO-nfli^^ 
0 

= I J dz. 


The origin is a pole of order n4- 1 of the function and the residue 

there is 1/n!. Since the integrand has no other singularity, 1 = 27r/9i!. 
Equating real and imaginary parts, we have 

2ff _ 

/* 2?r 

gcoa0cos{n^— sinfl) dd = — , 

0 

27r 


j* c®®«^sin(n^— sin0) dS =- 0. 


6.5. The evaluation of J f{x) dx 

If the function /(s) is regular in the half-plane 1ms > 0 save 
possibly for certain poles which do not lie on the real axis, we 
can evaluate oo 

I f(x) dx 

— 00 

by considering the integral of f(z) round a closed contour, con- 
sisting of the real axis from — i? to i? and a semicircle in the 
upper half of the 2 -plane on this segment as diameter, provided 
that the integral round the semicircle tends to a limit as iZ -> oo. 

The simplest case occurs when the integrand is 0(\z\~^) 
for largo values of \z\. Since the length of the semicircular 
part of the contour is ttB, the integral along it is when 

R is large, and this will certainly tend to zero as R-^cOy pro- 
vided that k > 1. When, however, the integrand is not of the 
order of \z\~^, where > 1, a more delicate type of argument 
is needed to determine the limit of the integral round the semi- 
circle. 
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It will be observed that this method gives 
lim f f(x) dx. 

00 

If J f{x) dx 

exists in the ordinary sense, f it is necessarily equal to this limit. 
It may, however, happen that the limit exists, even though the 
integral does not. In this case wc call the limit the Cauchy 

principal value of J f{x) dx, and write 



I f{x)dx. 


— oo 


Finally, it should be noticed that there is no special merit in 
a semicircle. All w^e need is a curve joining the points ±i2 
which tends to the jioint at infinity as R ~>co. For some pur- 
poses, the rectangle with vertices ±7^, ±R+iR is more con- 
venient. 


Example 1. Evaluate 


r x^-~x~\-2 , 


We consider 


s«+10zM-9' 


where F is tlie contour consisting of the real axis from —R to R and 
the semicircle in the upper half-plane on this segment as diameter. The 
integrand has simpl(» poles at the points ± 3t; when i? > 3, the poles 
i and Sit whicli have residues — (l+i)/16 and (3 — 7i)/48 respectively, 
lie within F. Hence, by Cauchy’s theorem of residues, 

I = 57r/12. 

t The integral exists in the ordinary sense when 
J f{x) dx, J f{x) dx 

0 — CO 

converge separately ; that is, when 

J f{x)dx 

-X 

tends to a limit as R and S tend to infinity independently. 
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Now, when | 2 | is large, the integrand is 0( |z|-*); we should, therefore, 
expect that the integral round the semicircle would be 0(l/i?) when R 
is large, and so would tend to zero as R — oo. To put this argument in 
a rigorous form, we write z = Re^ when z lies on the semicircle, to obtain 




x^—x+2 

‘+10a:»+P 


dx +J, 


0 

Remembering the important inequality f 


we find that the modulus of the integrand does not exceed 

2i? 

{R^~l)iR^-9) 

when jR > 3. Hence 

' ' ^ {R^^l)\R^-9)* 

BO that J -> 0 as J? -> 00. 

We have thus proved that 


lim r ~ 

ye— 00 J 


— x+2 _ Stt 

lOx^T^ "" T2' 


But, since the integrand behaves like l/x^ for largo values of x, 

r x2-rcH-2 

exists in the ordinary sense and has, therefore, the value 67r/12. 


Example 2^Evaluate 


Let us consider 


J COo ^ _ 

-OO 

I = [ 


where o > 0. 


taken roimd the contour of Ex. 1. When R > a, there is only one pole 
of the integrand within F, namely a simple pole at ai of residde 


e’-«/(2ai); hence 


I = 7re"®/o. 
t See § 1.32. 
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Now, when z = x-\-iy and t/ > 0, we have 

|c«| ^ \e^v\ == e-v ^ 1, 

so that is bounded in the upper half-plane. We should, therefore, 
expect that the integral round the curved part of T would be 0(1 IE), 
when R is large, and so would tend to zero as R—^oo. To prove this, 
we write z = Re^^ when z lies on the semicircle to obtain 

t 

/ = I 2 I j 

-R 

IT 

C ARcoRO — RBinB 

where = I iije"* 


From this it follows that 


l-'l' 

0 

so that J -> 0 as 00 . 

We have thus proved that the integral 


OC 



ttR 

R^~a^ 


which obviously exists in the ordinary sense, has the value Tre^^Ja, If 
we now equate re^al and imaginary parts, we find that 


r cos a; , Tre ® f sin a? _ _ 

J x^-\-a^ a J x^-j-a^ 


00 


Example 3. Evaluate 


J 


a^sina; , , . 

„ - ax, when a is positive. 


We shall find the value of this definite integral by considering the 
contour integral 


=1 




dz. 


Here T denotes a closed contour consisting of the segment of the real 
axis from —R to R and a curve a in the upper half-plane which joins 
the ends of this segment and tends to the point at infinity as iZ -> oo. 
Evidently, for sufficiently large values of R, there is no singularity of 
the integrand on T and one singularity, namely the simple pole aip 
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within r. By Cauchy’s theorem of residues, it follows that 

I = TTie~^ 

% 

for all sufficiently large values of i?. 

Wo can also express 7 in the form 

R 

dx -f J, 


where 


J 


To determine the value of the given d('finite integral, it is necessary to 
consider the behaviour of J as is increased indefinitely. 

Now when Ims > 0 and |::| is large, the integrand is 0 (|z|“'). It 
follows that, if a is a semicircle, J is bounded as R oc'. To see whether 
J actually tends to a limit, a more d(*licate type of argument is needed. 

One method of doing this is to keep the semicircular contour cr and 
apply Jordan’s inequality; this is explained in § 6 . 52 , below. A more 
elementary method is to use' a rectangular contour T with vertices 
, + In this case cj consists of three sides of this rectangle, 

and we easily find that 

K R 


J - 


(R-Jriy) e*R-v . j 




R 

C (-R + iy)e-'t^-v 

J ■(■_ ii 4- ^ 


sav. We then have 




K 

J 


. i?V2 




rvdy 


so that 0 as jR — > 00; similarly J3 — > 0 . Again 

n R 

r y/(x^-hR^)e-Ji^ R^J2 „ r 


dx 


-R 

R^^/S 


~R 


,-R 


and so 1/2 0 R 00. Adding these results, we find that J tends 

to zero as R is increased indefinitely. 
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Another simple method of obtaining the limit of J is to keep the 
semicircular contour ct and integrate by parts. t This gives 

- - UT4:a2j_^+ J 

a o 

and the two terms on the right-hand side of this equation clearly tend 
to zero as /? -> 00 . 

Wo have thus shown that 


lim 

U-^co 


r J 


This, however, implies that 


J 


x’^ + 


dx =» Trier 


the existence of this infinite integral in the ordinary sense being an easy 

consequence of Dirichlet’s test.J Equating real and imaginary parts, 

we obtain ^ ^ ^ 

00 ^ 00 

r a? cos a: , ^ f a; sin a; , 


From this it follows that 


oc 

/ 


a^sin.r _ 


when a is positive. 

Example 4. Provo that 


au 

J 


x^ dx 


provided that Rio is positive. What is the value of this integral when 
R1 a is negative ? 

Example 5. Show that 


/ 


dx 7r(2o4-6) 

{x^-\-a^)^(x^-\-b^) 2a^h(a-\-b)^ 


when the real parts of a and b are positive, 
t I owe this remark to Dr. W. L. Ferrar. 

t See Bromwich, Infinite Series (1926), 477. This test is essentially the 
second test of § 5.52, above, under conditions I with the references to uniformity 
omitted. 
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Example 6, f{z) is an analytic function whose only singularities in 
the upper Iialf-plane. are poles, finite in number, and which lias no 
singularity on the real axis. Show that, if Ef(Re^) tends to zero as 

R °C), uniformly with respect to 6 when 0 ^ tt, then the principal 

00 

value of J f(x) dx is equal to times tlw; sum of the residues of/(s) 
— 00 

at its poles in the upper half-plane. 


6.51. Cauchy’s definition of an improper integral 

The ordinary definition of the integral of a function f{x) of 
the real variable x over a finite interval a < a: < 6 presupposes 
that /(a:) has a definite finite value at each point of the interval. 
We shall now explain how Cauchy extended this definition to 
cover cases when J(x) is infinite at a finite number of points of 
the interval. 

It suffices to consider the case when there is only one point c 
at which f{x) becomes infinite. If c is not an end-point of the 
interval, we take two small positive numbers e and r] and con- 
sider the expression 


c-€ b 

J /(a:) da; + J f(x) dx. 

a c-\-r} 

If this expression exists and tends to a unique limit as e and rj 
tend to zero independently, we say that the improper integral 
of f(x) over the interval exists, its value being defined by 


J f{x) dx 


a 


c~ € b 

lim f f(x) dx -f lim f f{x) dx, 

€->- 1-0 ’J 7 ?-> + 0 I 

a ' c-\-Tj 


If, however, the expression does not tend to a limit as e and 
7] tend to zero independently, it may still happen that 

b 


lim ( r f(x) dx+ \ f(x) 


exists. When this is the case, we call this limit the Cauchy 
principal value of the improper integral and denote it by 

b 

P J f{x) dx. 

a 

Finally, if f{x) becomes infinite at an end-point, a say, of 
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the range of integration, we say that f(x) is integrable over 
a ^ X ^ b if 

Urn 

exists. 

When we attempt to determine the value or principal value 
of an improper integral by means of (Cauchy’s theorem of resi- 
dues, we have the difficulty that the integrand has a singularity 
c on the contour of integration. We avoid this difficulty by 
modifying the contour in the following way: we delete from, the 
area within the contour the portion which also lies within a 
small circle [z—c — e and then integrate round the bounafiry 
of the remaining region. This process is called indenting the 
contour. 

The integral round the indented contour is calculated by the 
theorem of residues and then the radius of each indentation is 
made to tend to^zero. This process gives the ('auchy principal 
value of the improper integral, and the question of the existence 
of the improper integral in the ordinary sense requires further 
investigation. The details of this method will become obvious 
from a consideration of the following examples. 

Example 1 . Prove that, if a > 0, 



We consider 


, r COST , 77 sin o 


- C30 


/ 


J 



dz. 


where the closed contour P consi.sts of the real axis from —R to R and 
a semicircle in the upper half of the s-plane on this segm€>nt as diameter. 
Since the integrand has poles at z -- which lie on this contour, we 
modify P by making an indentation of radius e at a and another of 
radius rj at —a. The integrand is now regular within and on P, and so 
I is zero. 

Evaluating the various parts of the integral /, we obtain 

R 

sd-RsinO 

iRe^'^dd +^ 14 - 






J + / + J 


dx. 


0 —R — a+Tj a+e 

where and denote the integrals round the indentations at a and 
— o respectively. 
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Tho modulus of the first term on the right-hand side of this equation 
is less than rrEKR^ — a^) and so this term tends to zero as R — > oo. To 
evaluate t/j, we observe that, on the indentation at o, c - a + wliere 
6 decn'ascs from tt to 0. Hence 

T r /• I • €ie^^dd 


= /exp(ia+i««)2^^ 
0 

Trie^ 

2a 


as € tends to zero. I Similarly, tends to — iTrier^^ja as t] tends to zero. 
Making jK oo, e -> 0, 7 ^ 0, we find that 


t/j 



where, so far, the integral is a principal value witli respect to the infinite 
limits and also witJi resjx'ct to tlu^ singulariti(‘s at l^^it since tho 

int('grand bc‘}iaves like l/.r“ for large real values of x, the integral is an 
ordinary iiifiniti^ integral as regards th(» limits. If, however, we write 
X -- a 1 -^, w’e find that the integrand behaves like a constant multiple 
of 1 wlien ^ is small. Thus the integral exists only as a Cauchy principal 
value with respect to the pole a; a similar remark ajiplies to —a. 

Finally, equating real and imaginary parts, we obtain 

OO 00 


r COSO' 7T . r sina- 

^ J = a ^ J a^- 


Example 2. The function f{z) has a sinq^ile pole of residue r at a point 
V on a simple closed contour F. If F be indented at c, show that tho 
integral of f(z) round the indentation tends to —mi as the radius of 
the indentation tends to zero, oc being the internal angle between the 
two parts of F meeting at c. 

*^£xample 3. By integrating e‘7- round the rectangle with vertices 
indented at the origin, prove that 


~ 00 

Example 4. Obtain the result of Ex. 3 by using an indenti^d semi- 
circular contour. 

t Evidently has, as limits —tti times tho residue of the integrand at o. 
See Ex. below. 
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6.52. Jordan’s inequality 

Since cob 6 decreases steadily as 0 increases from 0 to Jw, 
the mean ordinate of the graph oi y = coax over the range 
0 < a; ^ 0 also decreases steadily. But this mean ordinate is 


1 

8 


/ 


cosa; dx = 


sin0 

T"- 


We have therefore proved that, when 0 ^ ^ Jtt, 


2 ^sin6 

7T ^ 6 


< 1 , 


that Is, that 


2/9 

— < sin 0 < 

TT 


This is known as Jordan's inequality.^ 

The importance of Jordan’s inequality lies in the fact that 
it enables us to evaluate integrals of the type exemplified by 
§ C.5, Ex. 3, without having to use a rectangular contour or 
integration by parts. 

00 

i £C sill X 

Example 1 . Evaluate I dXy where a > 0. 

We have already proved that 


J 


x^ + o* 


J 


giiJcosfl— .B bIiiO 


Now the absolute value of the second integral on the left-hand side does 
not exceed 






g-HsinO 


0 


2i2® r 

^ by Jordan’s inequality. 


fi -Pi ^ 


t Cours d* Analyse, 2 (1894), 286. 
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which tends to zero as -R — > oo. We have thus proved that 

R 

C xe^ 

J *“ + 0* 

-R 

from which the value of the given integral follows at once. 

00 

/ sin 

Example 2. Evaluate I — — - dx, by the aid of Jordan’s inequality. 
— 00 

Example 3. Prove Jordan's lemma, that, if cr denotes the semicircle 
\z\ = i? in the upper half-plane and if m > 0, then 

lim r dz = 0, 

Ji-^oo J 
a 

provided that, as R — > oo,/(Re®^) -> 0 uniformly with respect to B when 

0 < 0 < TT. 

CO 

6.6. Evaluation of integrals of the form J x°-^f(x) dx, 
where a is a real constant u 

Let f(x) be a rational function which has either no poles or 

else only simple poles on the positive part of the real axis. Then 

00 

if x^^f{x) 0 as a; -> 0 and also as a: -> cx), J x^~^f{x) dx converges 

0 

at the upper and lower limits of integration and possesses a 
Cauchy principal value with respect to each singularity on the 
range of integration. 

There are three main methods of evaluating such integrals. 
First method. If we make the substitution t = e^, we find that 

00 00 

J ~ J 

0 —00 

The latter integral may be evaluated by considering 

J c“®/(e*) dz, 
r 

where P consists of the segment of the real axisf from — iZ to 
R, and the semicircle in the upper half-plane on this segment as 
diameter. 

But if a is a pole of/(z), the function /(e^) has a pole at each 

t Indented if necessary. 
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point z — log 2 / 1771 , where n is any integer. The contour 
integral is thus expressed as a sum of an infinite series of resi- 
dues, which often diverges.! 

This difficulty is overcome by observing that, since /(e^) is 
a rational function of C", 

ga(:r-^27^^)y(gC+277^) ^ 

that is, the values of the integrand on the real axis differ from 
those on the line Ims = 277 only in the factor 
We consider, therefore, 

J e'“/(c*) dz. 


where F is the rectangle with vertices R, R+^iri, — 5'+277iy — S, 
and then make the positive numbers R, S tend to infinity. 


Second method. The function z'^^yX -z) has, in general, a 
branch-point at the origin. If z^"^ is taken to be real and 
positive on tlie positive part of the real axis, the branch of 
z'*~^f(—z) so defined is regular, save for poles, in the whole 
s-plane cut along the negative part of the real axis. 

If, then, r consists of the real axis from —i? to i? indented 
at the origin (and elsewhere, if necessary) and the semicircle in 
the uj)i)er half-plane on this segment as diameter, we can 


evaluate 


J 2) dz 


by Cauchy’s theorem of residues. But the contribution of the 
real axis to this contour integral is 


R € 

J x) dx j dr 

It 

It R 

= J dx — j r“-^/(r) dr 

€ € 


since arg z has increased to 77 when z reaches the negative part 
of the real axis in going round F. The value of the given integral 
is then obtained by equating imaginary parts. 


t It ma^y, however, b© summable by one of the conventional methods of 
summation of divergent series. 
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Third method. If F denotes the contourt formed by the circles 
:| = i2, |2:| = €, joined together along the upper and lower 
ides of the cut along the negative part of the real axis, we may 
valuate /. 

J 2) dz, 

r 


iiere 2®"^ has its principal value, by Cauchy’s theorem of 
esidues, since the int(?grand is regular, save for poles, within 
nd on r. The contributions o.f the two sides of tlie cut are 

c H R 

I _l_ I* — 2isine/7r J dr, 

£ € e 

ince arg2 is equal to on the cut. The value of the required 
ntcgral now follows at once. It should be observed that the 
ontour in the third method may be derived from that of the 
rst by the substitution 

These three methods are illustrated in the following examples. 


Example 1 . 

First method. 


uu 

r ^''"1 

E\aluate I -- dt, where 0 < a <: J. 
-I * “r ‘ 


J 

u 


If we put ^ ~ we have 


00 00 



0 ’■ 00 


r 

consider therefore 7=1 dz, 

J ^"+1 

1' 


7iere T is the rectangle with vortices at It, 7^-f 2 ito --*S'-f27T/, — 
here It and jS aro jiositive. Tlie int(?grand has but one singularity 
'ithin J\ a simjiJe pole at 5 rri; the residue is 


nd so 7 = ~2TTle^^^. 
But we may write 

It 


hn, = ««« = _e- 


rie==+l 


1 = (i_e 2«"‘) 


r fiUJr r pit It My r ^-as-^wv ^ 

I I ^ — dx 4- I ~idy — I - tdy, 

-s 0 0 


I Cf. Fig. 4 on p. 141. 
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eR+iv^ 1 


27re®^ 

e^V 


which tends to zero as R — > oo, since a < 1 ; moreover 


g-aS + iv 
g-i’+tvlf- 1 


27re-“S 


which tends to zero as oo, since a > 0. Hence we have, 


so that 


r 

- 27ne«"^ ( 1 - -- - da-, 

J 

— 00 

CO 00 

J 1-f-^ J e^-fl sinaTT 


It should' be observed that, by the principle of analytical continua- 
tion, this equation also holds when 0 < Rla < 1, since the expressions on 
each side of the equation are analytic functions of a, regular m this strip. 
Second method. We consider the value of the contour integral 


I 


where 2 ““^ has its principal value and T is the contour of Fig. 3,' the 
radii of the indentations at 0 and 1 being c and rj respectively. Since 
the integrand is regular within and on F, I is zero. 

This contour integral cecn be written in the form 




dx -|- 

— X 


7T e 0 

J + J Tfr* + J 


where J denotes the integral round the indentation at 2 = 1. Now 

IT 


which tends to zero as i? — > oo, since o < 1. Again, since a > 0, we have 


.0 

J 1— 1— € 
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^as € -> 0. Also, by applying the result of § 6.51, Ex. 2 , we find that the 
limit of J as 17 0 is ni. 

Hence, if we make i? 00 , € -^ 0, 7; — > 0, we obtain 


J 1-35 


J +ni = 0 . 




the first integral being a Cauchy principal value with respect to the 
siixgularity a; = 1 . Equating real and imaginary parts in this formula, 
we find that 00 


/ 


i+a;' 


dx = TT 


as before, and also that 
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It should bo observed that the second method gives us the values of ^ 
two definite integrals at once. 

Third method. If V is the contour of Fig. 4, we have 



when 2®“’ has its principal v’alue. Evaluating this contour integral, wo 
obtain 

7r € —IT IR 

— 2771 I -4- I dr I - dd 1 dr, 

J \ — J 1-fr J 1— er.O' \ 1 +r 

TT R TT C ' 


in which th(' second and fourth terms arise from integi-aling along the 
upper and lower sides of th(' f'lit. If we now make R — ^ X' and e ^ 
we evid('ntly arrive at the same result as before. 


6.7. Complex transformations of definite integrals 

When a given definite integral has been evaluated, it is often 
possible to deduce formally the values of certain related integrals 
by means of a. eomidex change of variable, (‘auchy's theorem 
of residues provides a simple means of proving the validity of 
this formal process. We shall illustrate this by considering two 
transformations of the well-known integral 

J dx = ^TT. 

In the first i)lace, let us consider 

/ = J dz^ 

V 

r being the rectangle whose vertices are w^here 

h is real. Since the integrand is regular within and on F, 1 is 
zero. Hence we have 

It b Tt h 

J dx ^ dy = ^ J fly 

-It 0 -R 0 



But since 
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which tends to zero as i? -> oo, this equation gives 
00 00 
J e-x*+&*(Qos26a;— isin26a:) dx = J dx = Vtt. 
— 00 —00 

Thus, equating real and imaginary parts, we obtain 


J e“®*cos 2bx dx = Vtt e“^*, 
— 00 
QO 

J e“^’sin 2bx dx = 0. 


Secondly, let us take the same integrand in the case when 
r is the sector of the circle | 2 | — i?, bounded by radii arg:; — 0 
and arg 2 — a, where — ^ Jtt-. As before, I vanishes, 
and so 

It a 

J e-*' dx + j dd 

R 

— I g-»‘*co8 2a-ir*ain2a gotj' 


Now 

J g-'K’coBie-iH'am-ie I dd 

0 I 0 

fl-/4 in 

< JB J dd = iR j d^ 

^ by Jordan’s inequality. 

4Ji 

Hence, making i? -> oo, we deduce that 

00 °o 

J g-r>cos2a-ir*8in2a ^ g-a? J g-a:* ^ _Jg-ai^^^ 


and so 


J e-»’*®o®2agos(r2sin 2a) dr = J Vtt cos a, 

0 

00 

J e“’‘’®°®““sin(r2sin 2a) dr = Vtt sin a, 


provided that — Jtt ^ a ^ Jtt. 
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6.8. Cauchy’s expansion of a function as a series of 
rational functions 

One of Cauchy’s most important applications of his theorem 
of residues is concerned with the expansion, under suitable con- 
ditions, of an analytic function as a series of partial fractions. 
Let us suppose that 

(i) the function f{z) is regular ^ save for poles, in any finite 

region of the z-plane; I 

(ii) there exists an increasing sequence of positive nutnbers 

such that R^ CO as n-^oo, and such that the ^j^rcle 
whose equation is \z\ = R^, passes through no pole off{z), 
for any value of n; 

(hi) the upper bound of \f{z) | on is itself bounded as n oo; 
(iv) \f(R„e^^) \ as n->oo, uniformly with respect to 6 in 
0^^ 6 ^ 27r, or, more generally, in every portion of this 
interval which does not include one of a finite number of 
exceptional values of 6. 

Then, if I is not a pole of f{z), we have 
f(C) = lim 

n-*-ao 

where S^(^) is the sum of the residues of f(z)/{^—z) at the poles 
of f{z) within C^, 

That this theorem does provide the required representation . 
of /(^) in partial fractions is easily seen. For if a is a pole of 

m 

f(z) with principal part ^ ^he contribution of a to 

m 

the sum is 26 ,( 5 -a)-^ 

1 

Let us now suppose that ^ is any point of a bounded closed 
region D which lies in.- 12:| ^ .R and contains no poles of f(z). 
Then since R,^ oo with n, we can choose an integer N such 
that R^ > R\ the point I lies, therefore, within all the circles 
for which n^ N. Since the singularities of f{z)/(C—z) are ^ 
and the poles of f{z), we have, by the theorem of residues, 

t Exercices de Math, (Paris, 1827) ; reprinted in (Euvres de Cauchy (II® s^rie), 
7, 324-44. 
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provided that n ^ N, It remains to show that the integral on 
the left-hand side of this equation tends to zero as n -> oc. 

For simplicity, we shall suppose that there is only one excep- 
tional value of dy a say; the method of proof is, however, 
applicable in the general case. By hypothesis (iii), there exists 
a positive number M, independent of n, such that 1 /( 2 ) | < M 
when z lies on moreover, by (iv), if 8 is any positive number, 
the upper bound of l/(jB„e^OI when a+S < 6 < 27r+a— 8 
tends to zero as n It follows that, when n N, 





and so lim f dz < 2Mh. 

J 

But as 8 is quite arbitrary, this implies that 
lim r P^dz = 0. 

n-oD J 4 — 2 

On 

It should be observed that we have shown incidentally that 
^ 7 i(C) converges uniformly tof(C) when ^ lies in the region D. 

By this theorem the function /(4) is expressed as a series of 
the form « 

Sl(«+ I 

n-1 

which converges uniformly in any bounded closed region which 
contains no poles of f{z). But ^n+i(0-^n(0 is the sum of the 
residues of f(z)l(^—z) at the poles of f(z) between and C^+v 
We have, therefore, expressed /(£) as a series of partial fractions 
which converges uniformly, provided that the terms are suitably 
bracketed. 


4111 


L 
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6.81. The expansion of co&ec 2 ; as a series of partial frac- 
tions 

As an application of the theorem of the previous section, we 
consider the expansion of cosec 2 as a series of partial fractions. 
This function has simple poles at the points 0, ±7r, ±27r,..., so 
that the circle whose equation is |2| = (^+^)7r, does not 
pass through a pole of cosec for any value of the integer n. 
In order to apply the theorem, we must consider the behaviour 
of coseez on this circle. 

Let us draw, with each pole as centre, a circle of radius €, 
where e is less than \tt. We shall show that cosec z is bbundedf 
in the region T exterior to all these circles. 

In the first place, if 2 — x-\-iy, we have 


|cose’cz| 


2 


2 

^ — — =cosechli/| 


so that the inequality |cosecz! cosecha holds in the part of 
T outside the strip |Imz| a. On the other hand, |coseczl is 
obviously bounded in the portion of T within the rectangle with 
vertices ^^nd therefore, by periodicity, is bounded in 

the part of T for which [Im 2 | < a. Combining these two 
results, we find that an inequality jeoseez] < M holds every- 
where in T, the constant M being obviously dependent on e. 
As the points on the circle are all at a distance not less 
than iTT— € from the circles defining T, this inequality also 
holds everywhere on 6^,,, independently of the value of n. 

Again, when z — we have 


|cosecz| c: cosech |(7i+ J)7rsin0| ^ cosech{(n+ J)7Tsin 5}, 

provided that 8^6^ tt—S or tt+S < 0 < 27t— S, where 8 is 
any small positive number. It follows that, siS n -xx), |cosecz| 
tends to zero uniformly with respect to 6 in the two given 
angles. 

All the conditions of the theorem of § 6.8 are thus satisfied. 


t Tho method of proof is taken from the footnote on p. 32 of Lindelof’s 
Bore! tract, Lc Calcul des Residua (Paris, 1905). 

A similar result can be proved in the same manner for each of the functions 
sec 2 , tan 2 . cot 2 , 1 ) (0 < o < 1 ), in the regions obtained by excluding 

their poles by small circles. 
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Hence, if { is not a pole of cosecs;, 

n 

cosec ^ = lim ^ (residue of cosecs/(^— 2) at 2 = mn) 

n-^oj — n 



— n 


-i 4 . V2(r')5 

1 

By Weierstrass's il/-test, this series converges uniformly and 
absolutely when ^ lies in any bounded part of T, and so may 
be integrated term by term. This gives 

logtan IC log ^ -f log i^+ 2 (— l)'"]og( 1 — ^ 

' mr7T‘ 



Since tan IClilC) ^ as ^ 0 , the constant of integration A is 

unity. Hence, if we write ^ — 2 ^:, we have 


tan: 


nh-y/nc— JSi*) 


which represents tan 2 as la (quotient of two infinite products, 
each of which is an integral function.t 


6.82. An extension of the theorem of § 6.8 

(^auchy also showed how the theorem of § (i.H may be used 
when the function f(z) .satisfies conditions (i), (ii), and (iii) but 
not condition (iv). In this case the function 


F(z) 




is considered; it obviously satisfies conditions (i) and (ii). But 
on C„, 2 = R„e^\ and so 


^ ^ R R ' 

hence, as w -> 00, F{R„ eP>) tends to zero uniformly with respect 
to 0 in 0 < 0 < 277. The function F{z) satisfies, therefore, all 


t Cf. the results of Exx. 35, 36 at the end of this rhaptor. 
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the conditions of § 6.8, and we conclude that 

lim (sum of residues of - at poles of — within Cl 

A particularly important case of this arises when f{z) is 
regular at the origin and has only simple poles. If we suppose 
that the j)oles of residues respectively, 

are arranged in order of increasing distance from the origin, so 
that 0 < \a^\ ^ ^ \a^\ ^ we easily find that thcj residue 

at Qj. of f(t)/(zt—t-) is 

br _ b^ 

a,(z-a,) z 

whilst the residue at the origin is /(0)/z. The partial fraction 
formula for f(z)/z now becomes 



and so, finally,! 


/(^) I V br 

z z ^^ar(z—a^y 


m =m+ 



More generally, if the condition (iii) of § 6.8 is replaced by the 
boundedness, as n oo, of the upper bound on C\ of \z~^f(z)\, 
where is a positive integer, the function f(z)/z^* satisfies all 
the conditions of § 6.8, and the representation of f{z) as an 
infinite series of partial fractions follows immediately. 


6.83. The representation of an integral function as an 
infinite product 

Let F{z) be an integral function which does not vanish at 
the origin but has simple zeros z^, z^, arranged in order of 
increasing modulus. As these zeros can have no limiting point 
of finite affix, \z,^ | -^ oo as w oo. 

If we write F(z) — (z—Zr)^(z), then 0(2) is regular and non- 
zero in a certain neighbourhood of z^,. Hence we have 

F(z) Z—Zr 0 ( 2 ) * 


t This series converges uniformly in any bounded closed region which con- 
tains none of the poles of /(s), provided that the terms are arranged in groups 
corresponding to polos of equal modulus. 
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and so the only singularities of F'(z)jF{z) arc simple poles of 
residue 1 at the points 2 ,. 

Let us now suppose that F'(z)lF(z) satisfies the conditions of 
§ 6.8. It follows that 

F{Z) Z2-2„’ 

the series being uniformly convergent in any bounded closed 
region which contains none of the zeros of F{z), provided that 
the terms are suitably bracketed. If we now integrate term by 
term, we find that 


logJ'( 2 ) = logF(0)+ y log/l-- 

Hence F(z) = F{0) 

the infinite product being uniformly convergent in any bounded 
closed region which contains none of the zeros of F{z). 

If, however, F'{z)IF{z) satisfies only conditions (i), (ii), (iii) of 
§ 6.8, it follows by § 6.82, that 


r(z) 

F(z) 


F'(0) 

F(0)~ 




and so 


logf(z) = I + 




where -4 is a constant of integration, whose value is easily seen 
to be logi^(O). Finally, taking the exponentials of the expres- 
sions on each side of this equation, we deduce that 

F(z) = 

n*=l 


Example. Prove that sIuttz = rrz 


n (>-?.)• 


Let us consider the integral function 


m = y (- 1 )" 


(2n 4-1)1 
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THE CALCULUS OF RESIDUES 


which is equal to (siri7r2)/(772) when z ^ 0 and to 1 when 2 = 0 . It has 
simple z.cros at 2 - 7 }- 1 , £ 2, i 3,... . Moreover, its logarithmic dtirivative 

-^ 57 — 7rcot7r2 

F(z) z 

satisfies all the conditions of § 6 . 8 . Hence 


- 51 ) = lim 

-^(2) fn->Qo 




Integrating, we obtain immediately 


uu 


We cannot, however, writet 


m « n' (•- 9 - 


since this infinite product diverges. 
Again, by § 6.82, we havej: 






each of these series being uniformly and absolutely convergent in any 
bounded close^d region which contains none of the zeros of F(z). From 
this it follows at once that 


TO-n(hy-'-)n((‘+3'-i’ 

1 1 


and so 


the latter product being absolutely convergent. 


REFERENCES 

E. Lindelof, Le Calcul dea Residua (Borel tract; Paris, 1905). 

G. N. Watson, Complex Integration and Cauchy's Theorem (Cambridge, 
1914). 

t The accent indicates that tho term corresponding to n = 0 is omitted. 

J F'(0)/F(0) = lim |7rcot7r2 — i| = 0. 



151 


THE CALCULUS OF RESIDUES 


MISCELLANEOUS EXAMPLES 

1. If the function f(z) is regular within and on the level curve 
1 /( 2 )! — Mf show that 2 q is a double point of this curve if and only if 
it is a zero of f'(z), 

2. If C is a simple closed level cUrvfi of the function J(z) which is 
regular within and on C, show that f{z) has at least one zero within C, 
Prove also that, if /(2) has m zeros within C, f'{z) has 1 . (Mac- 
donald.!) 


3. Show that, if k > 1, the equation 


has n roots in | 2 | < 1. 


^n^k-z ^ 2 


4. The function f(z) is regular in |z| < 1 where it has only one zero a, 
whose modulus is less than 1. Show that, if \b\ < 1, the function 



z—a l—ab 



has exactly one zero in | 2 | '.r 1, provided that the constant e be sufti- 
ciently small. (Cambridge, 1932.) 


5. Express as a series of powers of w the sf)lution of 

which reduces to jx when w = 0. Hence prove that 

(1 — 2/xte-f 


where 


P , 1 

2»n! dfi” ■ 


6. Show that the solution of the equation 

z = a-\-iue^ 


which reduces to a when = 0 is 

ait'l • qnn 

z = o+we“+^2c“+...+ — 

the expansion being valid when 

\w\ < 

t Proc. London Math. Soc. (1), 29 (1898), 576. See also Watson, ibid. (2), 15 
(1916), 227-42. 
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7. Show that, if |ol < 1, 


J 


dS 


2it 


l+a* — 2 oco8^ 1—0*’ 


and deduce the value of the integral when |a| > 1. 

8. Show that, when Rio > 0, 


IT 

J tan(0+oi) dO = iri. 


9. Show that, if m be real and — 1 < a < 1, 

2ff 

fijnc(wO 

T— — 7 — r — : — 7i{cos(msin0)— asin(msin^+^)} dO == 27 t cob ma, 
l-\-a^—2asin6 


2ir 

/ 


r ^mcoBO 

I — o — : — 7 ;{sin(msin 0 ) 4 -acos(msin^+^)} = 27r sin mo. 

J 1-fo* — 2asind 

® (Edinburgh, 1931.) 

10. By using Cauchy’s formula for the derivative of sin a or other- 
wise, prove that 

277 

*J {cos^sin(a+cos^)cosh(sin^) + sinPcos(a+cos0)sinh{sin0)} dO 
0 

= 2?rcosa. 
(Edinburgh, 1930.) 

11. Prove that 


(* cosa;dx tt | 


1 (a;*4-o*)(a;*-f 6*) o* — 6* 

It o / 


when the real parts of o and 6 are positive and o is not equal to 6. Show 
also that oo 

coBxdx 7r(l+o) 


J 


(x*+o*)* 2o*e« 


when the real part of a is positive. 

12. Show that the Cauchy principal value of 


00 

J, 


gipx 


■dx. 


where and p are real, is A7ri(e’®f — — ij), the value of A being 
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1, 0, or — 1 according as p is greater than, equal to, or less than 
zero. 

Deduce that 


00 

r sinm(a:— f) sinn(x—r]) sinm(f— -n) 


— 00 

when n > w > 0. 
13. Prove that 


14. Show that 


r sin TTX 

J x(\—x’^) 


dx = 


(Math. Trip., 1919.) 


QC 

J 


cospa: — cosqx 


dx -- 7T{p — q) 


^ when p and q are positive. 

15. Prove that the residue of the function e”^7(2^~22Cosa+ 1)^, 
(n > 0, 0 < a < tt), at the pole which lies in the upper half-plane is 

/) IpWl cos a wViPTft 

lAe , wnere ^ e2^“(n^ a + 1 ) 

4 sin®a 

Hence show that 


oc 

I 


x(x^-\-\)fi\nnxdx 7TAsin(ncosa) 
(x^ — 2x2 QQg 2a -j- 1 4 cos a 


(Edinburgh, 1930.) 


16. Provo that 


r dx 

J eco8Xsin(sinx)-^ = i7T(e— 1). (Cauchy.) 


17. By integrating round the rectangle with vertices c±iR, — 

^ where c, /?, and S are positive, prove that, when a 0, 

c-\- ooi 

c— ooi 

the path of integration being a straight lino parallel to the imaginary 
axis. 

Show also that the integral is zero when a < 0. 


18. Show that, if Rla > 0, [Ima| < tt, 

c-f ooi 


J 


J 2i 

dz = , — 

sinTTZ 


l + e- 


the path of integration being the straight line R1 s = c, where 0 < c < 1. 
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19. By integrating ^^“^“cjosechTrs round the rectangle with vertices 
show that, if 0 < a < tt. 


/ 


coshotr 

cosfoa:*) - ax 

COsll 7TX 


^ COS Ja, 


OCl 

j sin(aa:2) 


cosh no* . , . , 

_ . —dx isinjcx. 

cosh 7TX 


(Math. Trip., 1932.) 

20. Sliow that, if - 1 < a < 1 and 0 < a < tt, 

GO 

r x^dx 77 sin ria 

J 1 -f 2:r cos a -f sin an sin a 


21. Prove that, if 0 < a < 3,-6 > 0, c > 0, 


J Hin(ina — bx) 

0 

? dx 

P ‘ sin( J TO - 6x) -3- — J =• cos( Jto - 6f ) . 

J *" C X 

0 

( Cauchy'.) 


22. Prove that, if 0 < a < and 0 < a < 2, 



23. By making the transformation t — e”, show that 

J (‘“go* 

0 

24. f(z) is a rational function with no poles on the real axis and is 

such that zf(z) tends to zero as 3 C30 and also as s -> 0. By integrating 

log2/( — 2) round an appropriate contour, pro\’o that 

cx) or; 

J logx{/(x) + /(— x)}dx +iri ^ f{.r)dx 
0 6 

is equal to 27rf times the sum of the rcsiilues of log2/( — 2) at its poles 
in the upper half-plane. I How is this result to be modified when there 
are simple poles on the real axis? 

t This result is of particular value when f{z) is an odd function, as it enables 

00 

us to evaluate J f(x) dx, whereas the method of § 6.5 fails. 

0 
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25. Show that 




26. Find the tlieorem corresponding to that of Ex. 24, obtained by 
integrating (logc)y( — c) round the same ccjntour. 

Hence evaluate the integral of Ex. 23. 

27. By integrating 2/(1— round the rectangle with vertices at 
-^TT + iR^ prove that, if a > 1, . 


tr 

I 


ax Sin X 

1 — 2a eosar-j-a* 


dx -- 77log(l 


What is the value of this integral when 0 < a J ? 


(Cau(’HY.) 


28. Integrate logsin 2 round the rectangle with vertices at 0, tt, 7 T-\-iR, 
iR, indented at 0 and tt, and so prov'e that 


77 

J logsina'd.r “ — 7Tlog2. 


29. By integrating 1) round a suitable contour, prove that 

a 

r Sin at/ - , , 

^y__ ^dy jTTCothiTT-a — Ja. 


30. Prov^e that, if — tt < a < tt. 


0 

J 


sinhaa: , 

dx -- tan 

sinh 7TX 


31. The Gamma function is defined by 


TO - J 


dx 


when a > 0. Integrate round a sector, indented at the origin, 

and so prove that, if a > 0 and — Jtt < a < In, 

00 

/* OOS COf? 

xa-ie~^coBot (a:sina)dx= r(a) . (aa). 

J sin sin 

0 

Show that this formula still holds when a = ±i7rif0<o< 1. 



156 THE CALCULUS OF RESIDUES 

32. Integrate the principal value of round the contour of Fig. 5, 
and so prove that, if 0 < a < 1 and c > 0, 

uu 

J dy — 2e“‘^sina7rr(a). 



Deduce that 

J co8{tan^— (1 — o)0}sec^+“^d0 — e“^ 8 ina 7 rr(o). 

(Cauchy.) 

33. By integrating the branch of z“^(c+a — z)~® which is real when^ 
0 < 2 < c+a, round the contour of Fig. 5, prove that, if c > 0, o > 0 
and p < 1 < p+q, then 

00 00 

J (c+iy)^a—iy)^ ~ 2sinp7r J (Cauch\.) 

34. Prove that sec 2 = 477 2 ( — l)”(2n +!)/{( 2n4- 1)^ — 42*}. 

0 

35. Show that, if h is not an integer or zero, 

00 

ainniz+h) = j|~J T 
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36. Prove that tans = 82 2 l/{(2n+ l)®7r®— 42*}. 


Deduce that 


-fi(' 




37. Show that, if 0 < a < 1, 


_ 1 , V 22C( 
- 1 ~ 2 ^ ‘ ” 


22 cos 2 n 7 Ta — 4ri7r sin 2n7ra 
2*-i-4n*7r* 


38. Prove that 


cosh 2 — cos 2 


= -x-f-TTZ* 


( — 1 )”?i cosech m 
, (n77-)^4-l2* 


39. Prove that, if — tt < a < tt. 


cos 0t2 _ 1 , 22 
sm 7rz~~ rrz'^ 7 T 


2 V 

n — 1 

l4.?f 

772 77 2* — n* 


40. Prove that, if b is not an integer, 


sm 772 sin 776 sin 77(2—6) 


y * 

^ (z — b — n 


7i)(6 + n)’ 


41. A function /(2) is regular for all finite values of z and satisfies the 

inequality |/(2) cosec 772 1 < M on the circles |2| = where n is an 

integer and M is independent of n. Show that 

/(,) = 2(-l)n(/(n)(^4^+i)+/(-^ 

1 

f F(z) is an integral function such that {^(2)}*^ can be expanded in a 
/ series of the above form for every positive integral value of k. Show 
f that, if lF(n)l < K when n = 0, ±1, ±2,..., K being independent of n, 
then i^(2) is a constant. (Cambridge, 1933.) 

42. f{z) is a periodic analytic function of period 77 whose only singu- 
larities in the strip 0 < RI2 < 77 are simple poles a2»***» ®n» residue 
Cl, Cj,..,, respectively. Show that, if f(x-\-iy) -> Z as 1/ -> +00 and -> I 
as 2/ — > — 00, uniformly with respect to x, then 

Z'-Z = 2t i c,. 

1 

By applying this result to the function /(2)cot(2 — 2Q), where Zq is not 
a polo of /(2), prove that 

f(z) = i(^+^0'l" ^Cr^ot(z—af), 
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INTEGRAL FUNCTIONS 


7.1. The factorization of integral functions 

The most important property of a polynomial is that it can be 
expressed uniquely as a product of linear factors of the form 


H'-rh-M' 


where A is a constant, p a positive integer or zero, andlz^, 
z„ the points, other than the origin, at which the poljrnomial 
vanishes, multiple zeros being repeated in the set according to 
their order. Conversely, if the zeros are given, the polynomial' 
is determined apart from an arbitrary constant multiplier. 

Now a polynomial is an integral function of a very simple 
type, its singularity at infinity being a pole. We naturally ask 
whether it is j)ossible to exhibit in a similar manner the way in 
which any integral function depends on its zeros. It has been 
shown in § 6.H3 that such a factorization is possible under 
certain circumstances. 


There are, however, two rather serious difficulties to be con- 
sidered. The first is that if an integral function has an infinite 
number of zeros Cj, z.^,..., z, say, it is not necessarily the case 

PC' 

that the infinite product (l—z/z„) converges, much less that 

1 

the value of the product is independent of the order of its 
factors. For example, the function (sin7r2:)/(7rc) has zeros ± 1 , 
± 2 , but the infinite productf 


defined as the limit of 




as M and iV tend to infinity independently, diverges. This pro- 
duct can, however, be made to converge by grouping its factors 


t Here and in the sequel, the accent indicates that the infinite term, given 
by n =. 0, is to be omitted. 
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suitably, but, even so, the value of the product then depends 
on the mode of grouping^ 

It was shown by Weierstrass that the appropriate method of 
expressing (sin7r2)/(7r^) as a convergent infinite })roduet whose 
value does not depend on the order of its factors is 


sin rrz 

ttZ 



Evidently it will not suffice, in the solution of our problem, to 
consider only simple factors of the form (l -;:/s„). 

A second difficulty is due to the fact that there exist integral 
functions which never vanish, being a simple instance of this. 
It follows that a knowledge of the zeros of an integral function 
J cannot determine the function save for an arbitrary constant 
multiplier; the multiplier is now an integral function with no 
zeros. 

The most general integral function with no zeros is of the form 
e^^^\ where g(z) is itself an integral function. For it f(z) is an 
intc^gral function which never vanishes, the function 

m =--r(z)if{z) 

is also an integral function. Integrating the expressions on each 
side of this equation along any ])ath from Zq to c, we find that 


log/(~) log/(-o)+ J -^(2) 


But as the expression on the right-hand side of this equation 
is an integral function, the result stated is now established. 

^ Example 1. Provo that 

We have 


r=: sin 77-2. 


2w _w 


TTZe 


- i) If ((, n ((i 

1 1 

t See the examples at the end of this section. 



160 


INTEGRAL FUNCTIONS 


2n 

1^' ((l + 5)e-*/r) 

UJ 

■77«e**<w» j~[ {(l + ;)«"‘^’’) 

as n -> oo. The required result now follows by Weieirstrass’s formula 
for sinTTS. 


Example 2. Prove that 


7.2, The construction of an integral function wlkjth given 


If/(2;) is an integral function with only a finite number of 
zeros, 2i, 22,..., 2^, say, the function 

f{z)/{z-z^){z-z.)...(z-zj 
is an integral function with no zeros; hence 

f(z) = (2^2i)(2~22)...(2-2je^^"> 
where g{z) is an integral function. 

If, however, an integral function has an infinite number of 
zeros, the set of zeros cannot have a limiting point in a^y finite 
region of the plane, since such a limiting point would be a 
singularity of the function. The only limiting point of the set 
is, therefore, the point at infinity. 

We now prove Weierstrass's theorem,! that if 2^, 22,..., z,^,... 
be any sequence of numbers whose only limiting point is the point 
at infinity, it is possible to construct an integral function which 
vanishes at each of the points and nowhere else. The construc- 
tion involves the use of Weierstrass’s primary factors 

= 1 — 2; E(z,p) = ( 1 — [p > 0 ). 
Each primary factor is an integral function which has but one 
zero, a simple zero at 2 = 1 , 

Now when \z\ < 1 , we have 


E(z,p) = exp|log(l— 2)+z + ^ + ... + ^| 


= exp 


( ZP+^ 

\ p+1 P+2 


t Abh. der Preuss. Akad. TViss. zu Berlin (Math. Klasse) (1876), 11-60; 
reprinted in Weierstrass’a Werke, 2, 77-124. 
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ZP+l 2U+2 


\ogE{z,p) = 


p+l j)+2 

From this it follows that, when \z\ ^ 

\\ogE[z,p)\ < ^ 2|z|J’+i. 


We may suppose that the origin is not a zero of the integral 
Tinction to be constructed; for if we require a function which 
iTanishes at the origin, we need only multiply the function G{z) 
letermined below by an appropriate power of z. Let the given 
teros Zi, Z 2 v be arranged in order of non-decreasing modulus, 
multiple zeros being supposed to be repeated in the set according 
bo their order. Then, since = \z.f^\ increases indefinitely with 
n, we can always find a sequence of positive integers P 2 v> 
Prii--' such that the series 



converges for all positive values of r. In fact, it suffices to take 
= n, since for any given value of r the inequality rjr^ < J 
holds for all sufficiently large values of n. 

We next assign arbitrarily a positive number R and then 
shoose the integer N such that ^ 2R < Hence, when 

^ > iV^ and |z| ^ i?, we have 



< -- < h 


and so 



It follows, by Weierstrass’s ilf-test, that the series 




converges absolutely and uniformly when 1«| ^ i2. This implies 
that the infinite product 



) 


41U 


M 
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converges uniformly and absolutely in the circle Is] ^ i?, no 
matter how large B may be, and so represents an integral 
function G{z). 

With the same value of R, we choose another integer M such 
that rj^j ^ R < Then all the functions of the sequence 


m / , 

n=l ' ™ ' 


(m = 


vanish at the points z^, Zj,..., Zj^ and nowhere else in | 2 |('< R. 
Hence, by Hurwitz’s theorem (§ 6.21, Ex. 2), the only zeros of 
Q{z) in |z| J? £tr0 2^2 j ISiit sinc0 JS IS Etrbitrsir^j ^liis 

m0ans that th0 only Z0ros of G(z) aro tho points of tho soqtenco 
Zu • This compl0t0S tho proof of th© th0or0m. 

Sine© thor© are many possible sequences p^, the function G{z) 
is not uniquely determined. But when such a sequence has 
been fixed, the most general integral function with the given 
zeros is G{z)e^^^\ where H{z) is an integral function. 


7.3. The principle of the maximum modulus 

Let f(z) be an analytic function, continuous within and on a 
closed contour C and regular within (7. Let M be the upper bound 
of \f(z)\ on C, Then the inequality \f(z)\ ^ M holds everywhere 
within C, Moreover, \f(z)\ = M at a point within C if and only 
if f{z) is a constant. The following proof of this result, which 
is known as the principle of the maximum modulus, is due to 
Landau. 

If n is any positive integer and a any point within C, we have 



c 


by Cauchy’s integral formula. If a is at a distance 8 from C, 
this equation gives 


where I is the length of C. Hence 

The expression on the left-hand side of this inequality is 
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I independent of n, so that, making n tend to infinity, we 

1/(0) I < M, 

the first result of the theorem. 

dz 


Again »/'(o)(/(a)}«-i = J ^ J {/(z)}« 




and so 


n\na)\ [/(a)l-i < 


Now if there exists a point a within C such that \f{a)\ M, 
this inequality gives 


l/'(o)| 




Ml . 

27Th^n ’ 


/taking w -> oo we obtain /'(a) = 0. Similarly wc can show that if 
/\f(a)\ — M, all the derivatives of f{z) vanisli at — a. By 
/ Taylor's theorem it follows that/( 2 :) is constant in a neighbour- 
hood of a and hence, by analytical continuation, is constant 
everywhere within and on C. This completes the proof of the 
theorem. 

It should be observed that the principle of the maximum 
modulus holds also when f{z) is continuous in the closed annulus 
and regular in the open annulus bounded by two non-inter- 
secting closed contours (7^ and C 2 . For if a is any point of the 
open annulus, we have 






^nd the proof follows the same lines as before, M being now 
the upper bound of 1 /( 2 :) | on and Cg* 

7.31. The maximum modulus of an integral function 

If f{z) is an integral function, its modulus is continuous on 
the circle \z\ — r and so actually attains its upper bound M(r) 
on that circle. M{r) is a steadily increasing unbounded function. 
For, by the principle of the maximum modulus, we have 

l/(rie»‘)l < M[r^) 

where r, < r^, and hence 

Jf (r,) < 
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save in the trivial case when f(z) is a constant. Moreover, M(r) 
cannot be bounded; for if it were, f{z) would be a constant, by 
Liouville’s theorem. Thus M{r) increases indefinitely with r. 

We can, however, prove very much more than this; in fact, 
7 ] — log Jf (e^) is a continuous function of whose graph is convex 
downwards. To prove this, we consider the behaviour of z^f{z) 
in the annulus /"i < l^l < r^, where a is a real constant to be 
fixed later. 

The function z^f{z) is not, in general, one-valued. But if we 
cut the annulus along the negative part of the real aids, we 
obtain a domain in which the principal branch of this fii^nction 
is regular. The maximum modulus of this branch in tj;ie cut 
annulus is attained on the boundary of the domain. 

Now since a is real, all the branches of z°^f{z) have the same 
modulus. If we consider a branch of this function which is 
regular in the part of the annulus for which \tt ^ argz ^ |7r, 
we see at once that the principal value cannot attain its maxi- 
mum modulus on the cut, and so must attain it on one of the 
boundary circles of the annulus. We have thus shown that, 
when rj < l^l < rg, 

|2“/(2)| < max{rjilf(ri), r^M(r2)}, 

Using an obvious notation, we deduce at once that 
r°^M(r) ^ max{rfilfi, r^M^ 
when r^ ^r ^ rg- 

We now choose a so that r^M^ = r^Mo] thus 

We then have r°‘M{r) < rfM^, and so 

/a/ \log(r/r,) 

or, finally, {M < J[fiomra/r)j^i^ogr(r/ri)^ 

The result contained in this inequality is known as Hadamard^s 
three-circles theorem,^ 

t Bulletin de la Soc. math, de France, 24 (1896), 186. The result obviously 
holds not only for integral functions, but also for any function which is regular 
in an annulus. 
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Since ^ M{r), we may write this inequality in the form 

from which it follows that M{r) -> tfs r -> r^+O. Similarly 
we may show that Jlf(r) as r-^ r^—0. Since, however, 

ri and are arbitrary, this implies that M{r) is a continuous 
function of r. 

Finally, if we write •q{^) = \ogM(e^), we find that, when 

SO that the graph of ij = logJlf{ef) is convex downwards. We 
express this property by saying that \ogM{r) is a convex func- 
tion! of log r. 

Example. M(r) is the maximum modulus of tlie integral function f(z) 
on |z| = r, and A is a constant between 0 and 1. Show that M(Xr)IM(r) 
decreases steadily as r increases, and that 

limili(Ar)/-M(r) ~ 0, 

r— 

save when f(z) is a polynomial. What is the limit of the quotient in 
this case ? 

7.4. The order of an integral function 

An integral function is said to be of linite order if there exists 
a real number k, independent of r, such that its maximum 
modulus M{r) on the circle \z\ = r satisfies the inequality 

logilf(r) < 

for all sufficiently large values of r. If there exists no such 
number the function is said to be of infinite order. 

If f(z) is of finite order, the constant k occurring in the 
inequaUty logJlf(r)< 

must be positive. For if it were zero or negative, M{r) would 
be bounded and so /(z) would be a constant, by Liouville’s 
theorem. Moreover, if the inequality holds for one value of k, 
it evidently holds for all greater values of k. 

t For an account of the properties of convex functions, see J. L. W. V. 
Jensen, Acta Math. 30 (1906), 175, or Hardy, Littlewood, and Polya, In- 
equalities (Cambridge, 1934), 70-8, 91-6. 
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By means of a Dedekind section of the real numbers, we 
can determine a number p with the property that, for a given 
integral function f{z) of finite order, the inequality 

logilf(r) < 

holds for all sufficiently large values of r when k > p but not 
when k < p. This number p is called the order of f(z). The 
definition implies that, when k < p, the inequality 

logilf(r)>r^ I 

liolds for a sequence of values of r which increase indefinitely. 
In other words, ^ \ 

^ r->-oo logr 

When f{z) is of infinite order, we have 

,i_^logloBJ/(r) ^ 
log r 

Many of the elementary functions of analysis are integral 
functions of finite order. For example, a polynomial is of order 
zero; eP, sins, and cos;: are of order 1; cos ylz is of order i. On 
the other hand, is of infinite order. 

Example. j\z) is an integral function of finite order p, ' M^(r) is the 
maximum modulus oif\z) on |s| = r. Provo that, if R > r, 
M(r)-|/(0)| ^ ^ M(R)^ 

T ^ w - ii^r ' 

Deduce that j\z) is also of order p. 


7.41. Integral functions of finite order with no zeros 

We shall now show that is an integral function of finite 
order with no zeros if and only if H(z) is a polynomial. We have 
already seen that is an integral function with no zeros if 
and only if H(z) is an integral function; moreover, if H(z) is 
a polynomial of degree k, is obviously of finite order k. 

To complete the proof of the theorem, it only remains to show 
that if the real part of an integral function II{z) satisfies the 
inequality lil n{z) < rP+" 

for every positive value of € and for an indefinitely increasing 
sequence of values of r, II {z) is a polynomial of degree not 
exceeding p. This analogue of Liouville’s theorem is due to 
Hadamard.f 

t Journal (le Math, (4) 9 (1893), 18C-7. 
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By Taylor’s theorem, we have 

H(z) = a^+a.yZ-\-a^z^+... 

where “- = Si / 

c 

C being the circle \z\ = r. Now, when n > 0, 


J 2 





2 / «■« 

m = 0 y 


r’n-i'e- 


the term-hy-term integration being valid since the series 
2 z”* converges uniformly. By addition, it follows that 

a„ -If Rl/i(2) = 1 f RlZ?(re«0 

" TTl J Z"H 7T J ' 

a 0 

Hence we have 27 r 




On the other hand 


and so 


Ctir 

C 0 

27r 

Rlcr = _L r mH{r(^‘)dd. 
2tt J 


Hence we see that 

277 

2Rlao+lrtJr» C ^ J {|Rl//|+Rl/f} 

0 

But the integrand is equal to 2R1// or 0 according as Rl// > 
or 0. Since R1 II < we have, therefore, 

2Rlao+ < 4r^+^ 

for every positive value of e and for an indefinitely increasing 
sequence of values of r. 

Jf we now write this inequality in the form 


[aj < 4r^+^-"— 2Rlaor-^^ 
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and then make r oo, we see that = 0 when n > p, and so 
H(z) is a polynomial of degree not exceeding p. This completes 
the proof of the theorem. 

Example. Prove that, if f{z) is an integral function of finite order, 
it attains any assigned value, with at most one exception, infinitely 
often. Show also that, if the order is a fraction, there is no exceptional 
value, f 


7.42. Jensen’s inequality 

Let f(z) be an integral function which does not vanish at the 
origin. Let its zeros, arranged in order of increasing modui(fis, be 
2:3,..., multiple zeros being repeated. Then if \ 

\z^\ < R ^ |2^Ar+il» 

we have i?'^|/(0)| M{R)\z^Z2^.>z^i\. 


For the function 


n=l 


R{Z—Zn) 


is also an integral function, and \F{z)\ = |/(z)| when \z\ = R. 
Hence when |2;| jB, we have, by the principle of the maximum 
modulus, 


where M(R) is the maximum modulus of f{z) on \z\ = R. 
Putting 2 = 0, we find that 


\Zi ^2 ... 2^1 


< M(R), 


as stated above. This rcsultj is known as Jensen’s inequality .§ 
Let us now denote by n(r) the number of zeros of f{z) in 
\z\ ^ r; evidently n(r) is a non-dccreasing function of r which 
is constant in any interval which does not contain the modulus 
of a zero of f(z). Then 



■f The result contained in this example is a particular case of Picard’s 
theorem, to which reference was made in § 4.55. 

X The inequality evidently also holds if /(«) is not on integral fimction, but 
is regular when R. See also p. 90, Ex, 15, for a more general result. 

§ Acta Math. 22 (1890), 359-64. 
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Accordingly Jensen’s inequality can be written in the form 
n 

J " ^ logil/(i?)-log 1/(0) |. 

0 

From this we deduce that if f(z) is an integral function of 
finite order p, then n(r) = 0(r^+^) for every positive value of e and 
all sufficiently large values of r. 

For if we put R = 2r, we have 

2r 

/ ^ logilf(2r)— log 1/(0) 1 < ArP-^^ 

0 

for every positive value of e and all sufficiently large values of r, 
A being a finite constant independent of r. But since n{x) is 
a non-decreasing function, we have 

n{r)\og 2 ^ J ^ J < ArP-^^, 

r 0 

and so n{r) == 0{rP^^). 


7.43. The exponent of convergence of the zeros of f{z) 
Let/( 2 ;) be an integral function with zeros arranged 

in order of increasing modulus. We associate with this sequence 
of zeros a number defined by the equation 


Pi 


lim 


log n 


where — \z^^\. This number is called the exponent of con- 
vergence of the zeros of/(s), since it has the following important 
property. If p^ is finite, the series 2 r “ ^ converges when r > 
and diverges when r a p^\ but if p^ is infmite, the series diverges 
for every real value of r. 

For if Pi is finite and t > p^, the inequality 


log 

logr„ 


< l(j+Pi) 


holds for all sufficiently large values of n, and so 


rl > ni+^, 
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where p = Hence converges when 

T >pi. 

On the other hand, if is finite and t < or if p^ is infinite 
and T has any real value, there exists a sequence of integers for 
which rj < n. Let iV' be such a value of n and let m be the 
least integer greater than \N. Then since increases with n, 
we have ^ ^ 1 

2 ^ ^ N ^ 

N~m * N ^ I 

( 

But as there are values of N as large as we please, this itnplies 
that 2 diverges. \ 

If pi is finite, the series ^ may be either convergent or 
divergent. For example, if == n, we have Pi — 1 and 2 
diverges; but if = n{\ognY, we again have ^ 1, but 
in this case the series converges. 

Finally, if J{z) is an integral function of finite order p, pi is 
finite and does not exceed p. For, by § 7.42, 


,r - logn 
Pi = bin ^ 

n-.oologr,, 


log n(r) 


= lim _ 
r-^oo logr 


,. log(-4r^+^) , 

hm-”;-- ^=-p+€, 

r-H .00 log r 


for every positive value of €, and so pi p. 

00 

Example. Show that the series ^ r~’^ and the integral j* dx 

0 

converge or diverge togc^ther. 


7.5. Canonical products 

If/( 2 ) is an integral function of finite order p with an infinite 
number of zeros there exists a least integer p such that 

the series 2 is convergent. If pi is not an integer, p is the 
greatest integer less than pi; if pi is an integer, jj may be either 
Pi or Pi— 1. But, in any case, Pi— 1 ^ p ^ pi ^ p^ By § 7.2, 

converges uniformly and absolutely in any bounded closed 
region of the plane which contains none of the points and 
represents an integral function which vanishes if and only if z 
is a zero of f(z). We call it the canonical product formed wdth 
the zeros of /(z); the integer p is called its genus. 
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7.51. Borel’s theorems on canonical products 

Borelf has proved two fundamental theorems on canonical 
products which we shall deduce from the following lemma. J 
If G{z) is a canonical product of genus p with zeros 
and if N is a positive integer such that 12;^y1 2|z| < l^v+il, then 

logf[ 1-- -I ^log \G(z)\^ I 


where I is equal to 


or 


1 ^ I " ^ iV -M 

I In 

^ 2 £ +^2 


(p = 0), 
{p > 0), 


A being independent of z. 
The canonical product is 


say. We shall denote \z\, | 2 :„|, \zlz^\ by r, r,,, u,^ respectively. 
In rig, we Ivave < h and so 

|login2||< llogllal < y 


< 2 2 


N + l 


by the inequality of § 7.2. 

To obtain inequalities satisfied by IIj we have to consider 
separately the cases ^ > 0 and p = 0. Now when > 0 and 
I- 1 L have 

\E{z,p)\ < (l + l 2 l)exp||zl + ilzP+...+^l=K'). 


and so 


l0g|i;(z,p)|<l0g(l+Iz|)H-|z| + l|2|- + ... + ^l3l*’<^lz|'’ 


t Acla Math. 20 (1897), 357-96. 

t Tho proof of this lemma is a modification of that of Valiron, IrUegral 
Functions (Toulouse, 192.3), 53-8. 
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It will be recalled that the integer N was defined by the 
inequality 2r < Now when 5 ^ 1, we have 

\l—z/z,^\ > 1 provided that r > 2, and so 


logn 

a 



0 . 


But when 1 < 2r and z lies outside all the small circles, 

we have 

1 

rn {'■iry'"-' 

Hence Jog 1 T 1 — ^ — iV(l 4-A)lng 2r. 

l<r„' ‘ir' 


We have, how'cver, shown in § 7.42 that, for all sufficiently large 
values of r, ^ ^ ArP+i^. 


Combining these results, we find that. 

N 

log FT ^ “•-4(l'f/0log(2r)r^^i*^. 


It follows that, when lies outside all the small circles and 
r is sufficiently large, 

Iog|f?( 2 )| > — + A)log(2r)} > —rP^^, 

This result is due to Borel. 


7.6. Hadamard’s factorization theorem 

urn is an integral function of finite order p tvhich has zeros 
z^, Z 2 ,... and does not vanish at the origin, it can be factorized in 
the form = G{z)e^<-=^, 

where G{z) is the canonical product formed, ivith the zeros of f(z) 
and H(z) is a polynomial of degree not exceeding p. 

It has already been proved that such a factorization is pos- 
sible, H{z) being an integral function. It remains to show that 
H(z) is a polynomial. 

Let Pi be the exponent of convergence of the zeros of f{z). 
Then the canonical product G(z) is of order pi, and p^ does not 
exceed p. If e denotes an arbitrary positive number, there exists, 
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as we have just seen, an infinite number of circles | 2 ;| ^ r of 
arbitrarily large radius on which the inequality 

\0{z)\ > 

is satisfied. But since f{z) is of order p, the inequality 

m\ < e-^^‘ 

holds for all sufficiently large values of r. 

From these two inequalities it follows that 




/w 

a(z] 




on a sequence of circles \z\ — r of indefinitely increasing radii. 
Hence RlH(z)< 2rP+‘ 

for every positive value of € and for an indefinitely increasing 
sequence of values of r. I5y § 7.41 , II{z) is a polynomial whose 
degree does not exceed p. This completes the proof of 
Hadamard’s factorization theorem. 

If G{z) is of genus p and H{z) of degree g, the greater of the 
integers p and q is called the genus of /(s). Since p ^ p and q ^ Pt 
the genus of an integral function does not exceed its order. It 
can be shown that, when p is not an integer, the genus is the 
greatest integer less than p. But when p is an integer, the genus 
is either p or p— 1, the actual determination in any particular 
case being sometimes difficult. 


7.7. The Taylor coefficients of an integral function of 
finite order 

The necessary and sufficient condition for 
f{z) 

0 

to be an integral function of finite order is that 

i™ I'-nO/W) > 0. 

niogn 


n-^oo 
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The condition is necessary. For suppose that f{z) is of finite 
order p. Then, when k > p, the inequality 

M{r) < 

is satisfied by the maximum modulus of/( 2 ;) for all sufficiently 
large values of r. Hence we have, by Cauchy’s inequality, 

l«nl < 

The expression on the right-hand side of this inequality has 
a maximum value {ekjnY^^y attained when = njk, and so 

'‘'•I < (» 

From this it follows that 

‘> 0 . 

niogn k 

so that the condition is necessary. 

It remains to show that, if 

niogn 

is positive, f{z) is an integral function of finite order. We con- 
sider separately the two cases, (i) /x finite, (ii) /a infinite. 

Let us suppose that jjl is finite. The definition of /x implies 
that, if € is an arbitrary positive number less than /x, there exists 
an integer N such that the inequality 

log(VI «nl) > €)nlogn 

holds whenever n > N. This inequality may be written 

l®nl < 

But since /x— e is positive, this implies that tends to zero 

as n 00 and hence that/( 2 ) is an integral function. 

Now, when r > 1, we have 

1/(3) I < 2 i y (-“*) 

0 N+\ / 

where ^ is a constant. Let us choose an integer M such that 

^ 2r < 

If r is sufiSciently large, M will be greater than N. When 
W+1 < » < if, we have 

r” ^ ^ exp{(2r)^^<'‘-*)log r} 


\ 7ilk 



and so 
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S(^.r 

N + l ^ ' 




M 


exp{(2r)^/^^“^Hogr} ^ 


JV-^ 1 


< exp{(2r)i/<^-«>logr} ^ 


= JSexp[(2r)^^0^~^)logr} 
where is independent of r. Also 


z(J4“<iU+v.r<2^.- 

MM^ ’ .I/ 1 1 ^ ' Af\\ 

Combining these inequalities, we find that 


1 . 


\f(z)\ < ^r^+7?exp[(2r)’^0A-t)]()g7*j_|-. 
from which it follows that 


il/{r) < exp{2(2r)^^^/^"^^log r} 

for all sufficiently large values of r. Let us now denote the order 
off(z) by p. Then wo have 

p = fim ^ log2 -I- log(2rV^+logl^^^^ 

r -> 00 logr ' logr 

and so p < l/(/Lt— e). 

Again, it also follows from the definition of p. that there exists 
an infinite number of positive integers n such that 
log(Vl«J) < (/x+e)^^logn, 
or |a^J > 

Using Cauchy’s inequality we find that, for each such value of n, 

M{r) ^ ^ 

If we take r ~ 2n^+^, we now have 

M{r) > 2^^ exp{(4r)'/^/^ ^^dog 2} 

for certain arbitrarily large values of r. This, however, implies 
that p l/(p,-[-e). 

We have thus shown that the order p of f{z) satisfies the 
inequality , , 

- ~ < P < 

p+€ p—e 

for all positive values of e less than p. Making e tend to zero, 
we find that f(z) is of finite order l/p. 
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To deal with the case when /a is infinite, we observe that the 
inequality log(l/|oJ) > KnXogn 

holds for any given positive value of K and all sufficiently la^^e 
values of n. A repetition of the first part of the previous argu- 
ment shows that/(2) is an integral function of order not exceed- 
ing \jK, Since K can be as large as we please, the order of f{z) 
must be zero. This completes the proof of the theorem. 

It should be observed that we have proved incidentally that 

lim \ 

„-^oolog(l/|a„|) \ 

is the order of the integral function f{z). 
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MISCELLANEOUS EXAMPLES 

1. Prove that, if |«| > 1, the integral function 


n(-?) 


is of order zero. 

2. Show that, if a > 1, the integral function 


is of order 1/a. 

3. Prove that,t if 


lirn 


1 

loRl«n/a»+i' 


logn 


K > 0, 


the function is an integral function of order not exceeding l//c. 

0 

Show also that the order is l//c if 


logw 


= 1C > 0. 


t Use Stirling's approximation to the Gamma function, that when x is large 


and positive. 


r(l+»)= c-*a:®V(2^x){l + o(l)). 



INTEGRAL FUNCTIONS 

4. Determine tlie orders of the following integral fimctions: 
(i) coa V 2 ; 


2;; 


(a > 0): 


2 ^11 

0 

00 

(iv) 2-‘-J,(Vs) - 2 


(« -■ 0); 

(-zf 

2-+2»rt!l>4 n+l)' 


5. f(z) is an integral function of finite order p. Show that, corre- 
sponding to any positive number e, there exists an infinite number of 
circles l^l — r of arbitrarily large radius on which the lower bound vi(r) 

^ of 1 /( 2 ) I satisfies the inequality 

m(r) > 

6. Prove that, if the order of an integral function is not an integer 
or zero, it is equal to the expoiumt of convergence of its zeros. Deduce 
that such a function lias an infinite number of zeros. 

7. By moans of Hadamard’s factorization theorem prove that, if h is 
not an integer or zero, 

00 

>i[nn(z+h) = |^ 1 4 . 

— 00 


and also that 
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CONFORMAL REPRESENTATION 

8.1. Isogonal mapping 

Let us suppose that the functions u(x,y) and v(x,y) are con- 
tinuous and possess continuous partial derivatives of the first 
order at each point of a domain 8 in a plane in which x and y are 
rectangular Cartesian coordinates. The equations u = u(\c,y), 
V — v{x, y) set up a correspondence between the points of Mand 
the points of a set i in the ('M,t;)-plane. The set S is evidently 
a domain and is called a map of 8. Moreover, since the partial 
derivatives of the first order of u and v are continuous, a curve 
in 8 whi(!h has a continuously turning tangent is mapped on 
a curve with the same proi)erty in X. The correspondence 
between the two domains is not, however, necessarily a one-to- 
one correspondence. 

A simple example of this is given by taking u ^ v y-. 
The domain < i is mapped on the triangle bounded by 

u — 0, ^ 0, u-\-v 1, but there are four points of the circle 

corresponding to each ])oint of the triangle. 

A method of mapping 8 on 2 is said to be isogonal if it 
is a one-to-one transformation which turns any two intersecting 
curves of 8 into two curves of i which cut at the same angle. In 
order that the correspondence may conserve angle in the sense 
just defined, it is both necessary and sufficient that the involution 
of orthogonal directions at each point of 8 be transformed into 
the involution of orthogonal directions at the corresponding 
point of S. This is equivalent to saying that the isotropic 
directions at each point of 8 transform into the isotropic direc- 
tions at the corresponding point of 2, and conversely. 

Now the differential equation of the isotropic directions in 
the (x, y)-planc is (dx})^^{d.yf = 0. 

Hence {duY-{~{(h)r — J^^[{^^Y-\-(dyY} 

where h depends only on x and y and is not zero. 

To determine the properties of the functions u and v for which 
this equation holds, we make the substitution 

du = Uj,dx +Uydyy dv = Vj.dx +Vydy, 
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where suffixes denote partial differentiation, and then equate 
coefficients. It follows that the functions u and v satisfy the 
partial differential equations 

+ + = A®, + = 0. 

If we satisfy the first two equations by putting 

Uj. = A cos a, = fesina, Uy ~ Acos/3, Vy ~ /tsinjS, 

we find that the third equation is also satisfied if a— j 8 — ±^ 77 . 

Hence, if the correspondence u — u{x,y), v ~ v{x,y) is one- 
to-one, it is also isogonal if and only if, at eacli point of S, the 
four first-order partial derivatives satisfy one of the following 
sets of equations: 

(a) = Vy, Uy = (b) =- —Vy, Uy =r- v^, 

and do not vanish simultaneously 

The equations (a) are, however, the well-known Cauchy- 
Riemann differential equations. In virtue of the initial restric- 
tions on u and v, the conditions (a) and (b) are, therefore, 
equivalent to 

(a') u+iv = f(x+iy), (b') u—w=f(x+iy), 

where /(x-f-iy) is an analytic function, regular in S, Moreover, 
since \f(x-\-iy)\^ ~ u%-\-v%, the derivative f{x-[-iy) vanishes 
nowhere in S. In other words, the only isogonal transformations 
of a domain 8 of the 2 :-plane into a domain of the i/>plane 
are of the form w = f{z) or w = f(z), where f{z) is an analytic 
function whose derivative is finite and non-zero at each point 
of aS\ Actually it suffices to consider only isogonal transforma- 
tions of the former type, since the transformation w -- f{z) is 
equivalent to w = f(z) followed by a reflection in the real axis 
of the w’-plane. 

Now if f(z) is an analytic function, regular in a neighbourhood 
of the point Zq at which /'(z) does not vanish, we know, by the 
inverse-function theorem (§ G.22), that the equation "w — f{z) 
sets up a one-to-one correspondence between a certain neighbour- 
hood of Zq in which f(z) does not vanish and tlie region within 
a certain closed contour within which the point w’q = /(Zq) 
Thus the neighbourhood of Zq is mapped isogonally on the region 
within the closed contour. 

It must not, ho weaver, be supposed that, if f(z) is finite and 
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non -zero at each point of a domain S, then w = f(z) necessarily 
maps S isogonally on a domain S of the z(;-plane. For, although 
a neighbourhood of each point of 8 is mapped isogonally, it is 
not necessarily the case that the mapping of the whole of 8 
is a one-to-one correspondence. For example, the function has 

a derivative 2z wliich is finite and non-zero when 1 < |Z| < 2, 
— Itt < argz < yet w — maps this domain on an over- 
lapping region 1 ^ 4, —In ^ urgw < In, and so the 

transformation is not one-to-one. ! 

Example. Show that w = zl(l—zY maj)s |2:| < 1 isogonally tho 
whole ii;-plaiie, supposcul cut along tlie real axis from — oo to — 

8.11. Conformal mapping 

Let us suppose that w = f(z), where /(^ j) is an analytic func- 
tion, maps a domain 8 of the ;r -plane isogonally on a certain 
domain of the tu-plane. If C is a regular arc = x(t)-\-iy{t) 
in 8, the equation of its map is 

w f{x{t)+iy(t)}, 

SO that C is mapj)cd on a regular arc P, say. 

Let us now denote by (f> and i/j respectively the angles which 
the tangents to C and P at the points of the same parameter t 
make with the real axis. Then we have 

4> =-= tan-*i =rr arg{i(<)+* 2 /( 0 } 

and -| 

Thus ip—<f> is ecjual to arg/'(;3) and so depends only on the affix 
of the point z and not on the particular curve through that 
point. This, however, implies that the transformation conserves 
not only the magnitude of the angle of intersection of two curves 
but also the sense of the angle. 

But since the transformation w = f{z) is equivalent to 
^ = /(-) followed by a reflection in the real axis of the ze-plane, 
this transformation conserves the magnitude of the angle of 
intersection of two curves but reverses its sense. 

A conformal transformation is defined to be an isogonal trans- 
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formation which conserves the sense of an angle as well as its 
magnitude. It follows that the only conformal transformations 
of a domain of the z-plane into a domain of the zi^-plane are of 
the form w = f{z), where /(z) is an analytic function. 

Returning now to the regular arc C and its map T, let us 
denote by s and o- the lengths of C and F respectively up to 
the point of parameter t. Then we have 
(is 

and j^f[x(t)+iy{t)] '■= \f'{z){j:{t)+iy(t))\; 

hence we see that ~ — |r(z)|^. 

We have thus shown that the conformal transformation 
w = f{z) maps a small neighbourhood of a point Zq on a neigh- 
bourhood of the corresponding point Wq, which, correct to the 
first order, is obtained by a magnification in the ratio |/'(2:o)l • ^ 
and a rotation through the angle arg/'( 2 o). 

Example 1 . The domain S of tlie 2 -j)lane is mai)pod conformally on 
the domain 12 of tlio ti^-plano by w -- f(z). Show that the curves in S 
corresponding to x — constant and y --- constant form two orthogonal 
families. Verify that tliis is the case when {i) w ~ coshs, (ii) w — 
Explain the apparent contradiction in (ii) when x — 0 and y = 0. 

Example 2. Prove that, in the notation of Ex. 1, the area of E is 

IJ \f’(~)\’^dxdy. 

Example 3. The function w ^ f{z) maps \z\ < R conformally on a 
domain of area A. Prove that A > 7r|/'(0)|^ii*. 

Example 4. Prove that the quadrant |z| < I, 0 < argz < in is 
mapj5(5dconformally on a domain E in the ii?-plane by w — 4/(z-j-l)*- 
Find E and determine the length of its boundary. 

The derivative of the function 4/(2 -hl)^ is finite and non-zero at each 
point of the quadrant. Accordingly w = 4/(2 4-!)^ maps the quadrant 
conformally on a domain E provided that w does not take any value 
twice in the quadrant. Now if 

4/(2 + 1)“ = 4 /( 2 , + 1)S 

then either 2 = 2 , or 2 = — 2 , — 2. But if z, is a jioint of the quadrant, 
— 2,-2 certainly is not. Hence w ^ 4/(2+ 1)^ maps the quadrant con- 
formally on a domain E in the w-pleaio. 
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The boundary of S is evidently a closed contour F. But since w is 
infinite only when z -- —1, the quadrant is mapped on the domain 


within r. 

When z moves along the real axis from 0 to w moves along the 
real axis from 4 to 1, and so the length of this part of F is 3. 

When z moves from 1 to i along an arc of \z\ = 1, we have z = 
whore t increases from 0 to Jtt. Then w moves from 1 to — 2i along the 
arc whoso parametric equation m w ~ From this we deduce 

that \w\ 2 — HI to, so that the path is an arc of the parabola with 

focus at the origin and directrix Rl«; — 2. The length of thip part 
of 1 is 77^4 77^4 


J 


clw 

dt I 


dt 


/ 


2soc^fd^= V2 + log(l + V2). 


Finally when z moves along the imaginary axis from i to 0, w goes 
from — 2t to 4. If we write z =- — itanf, where t increases from — Jrr 
to 0, we find that the parametric equation of this portion of F is 
w = 4cos®fc*^^ "This curve is, however, the inverse of the parabola 
w == sec^^e”*^* with respect to the circle \w\ — 2, and so is a cardioid 
with cusp at the origin. The length of this portion of F is 

0 

^^\di -- J* 8cosfdf = 4V2. 

— ir/4 — *r/4 

Combining these results, we see tljat the length of F is 
3 + 6V2+log(l + V2). 

8.12. Simple functions 

If = f{z) maps a domain S conformally on a certain domain 
2 of the tz;-planc, we say that/( 2 ;) is simple^ in S. The charac- 
teristic property of such a function is that it takes no value 
more than once in S. The general theory of simple functions 
is too difficult to be included in the present book.J It is, how- 
ever, quite easy to show that if f(z) is regular within and on 
a closed contour C and takes no value more than once on C, then 
f(z) is simple within and on C. 

The relation w = f(z) evidently sets up a continuous one-to- 
one correspondence between the points of C and the points of a 

t The FrcMich and Gorman words aro univalcnte, and schlichi respectively. 

t For an account of work on this subject, see, for example, L. Bieberbach, 
Lehrbuch der Funktionentheorie, 2 (1927), 82-94; P. Dienes, The Taylor Series 
(1931), Chap. VIII; E. Landau, Darslellung und Begrundung einiger neucrer 
Ergebnisse der Funktionentheorie (1929), 107-14. 
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closed contour F. If Wq is any point of the tr-plane which does 
not lie on F, the number of zeros of f{z)—WQ within C is 

_ 1 r f(^) ^ 1 r dw 

^ 27Ti J f(z)—WQ ^ 27Ti J w—Wq 

c r 

the direction of integration round F being that which corre- 
sponds to the positive sense of description of C. 

If Wq lies outside F, then m — 0, and so no point within C is 
mapped on a point outside F. But when lies within C, 
we have m = ±1. Since m cannot be negative, f the equa- 
tion f(z) = has precisely one root within C when Wq lies 
within F. 

To complete the proof of the theorem it only remains to show 
that f{z) cannot take a value on F at any point within C. 
If this were the case, a neighbourhood of would be mapped 
conformally on a neighbourhood of w^; this is impossible since 
the neighbourhood of contains points outside F. 

8.2. Riemann’s theorem on conformal mapping 

The fundamental problem in the theory of conformal mapping 
is concerned with the possibility of transforming conformally 
a given domain S of the 2 :-j)lane into any given domain 2 of 
the ii;-plane. Actually it suffices to consider whether it is pos- 
sible to map conformally any given domain on the interior of 
a circle. For if ^ = f{z) maps on \^\ < 1 and w = g{J^) maps 
S on 1^1 < 1, then the equation w ^ g{f(z)} provides a con- 
formal transformation of S into 2. 

• It is not, however, possible to map a completely arbitrary 
domain on the interior of a circle ; there must be some restriction 
on the nature of the boundary. For example, we cannot map 
a domain whose boundary consists of a single point conformally 
on 1^1 < 1; for if the domain had a single boundary point, 
which we may take to be the j)oint at infinity, J the mapping 
function ^ = f(z) would be an integral function which satisfied 
everywhere the inequality \f(z)\ < 1 and so, by Liouville’s 
theorem, would be a constant. Thus, in order that a domain 

t This implies that the sense of description of F is the positive one. 

j If 2 = a is the boundary point, it can be transformed into the point at 
infinity by 2^ = 1/(2— a). 
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may be mai)ped conformally on a circle, it must possess more 
than one boundary point. 

The simplest case occurs when the boundary is a simple closed 
Jordan curve. It can be shown that if S is the domain bounded 
by a simple closed Jordan curve C, there exists a unique analytic 
function f{z), regular in S, such that w = f(z) maps 8 conformally 
on < 1 and also transforms a point z = a within C into the 
origin and a given direction at z — a into the positive direction 
of the real axis. This theorem was first stated by Riemann in 
his inaugural dissertationf at Gottingen in 1851, but his ppoof, 
which depended on the Calculus of Variations, was showii by 
Weicrstrass to be incomplete. 

Whilst it is difficult to give a rigorous proof of this theorem, 
its truth will become obvious to the reader who is content to 
rely on pliysieal intuition. Let us suppose that such a function 
does exist and consider what properties it must have. 

In the first place, f{z)l{z-~a) is regular and non-zero in 8 and 
so is of the form where is regular within C. Thus 

f{z) -= (z— a)e‘^«. 


Moreover, since \f{z)\ — 1 on C, the function ^( 2 ) satisfies there 
the condition log|z-a|+R^( 2 ) = 0. 

Now the real part of an analytic function satisfies Laplace’s 
equation 

dx^ l)y- 


where z x^iy. If, therefore, it could be shown that there 
exists a unique real solution of Laplace’s equation, V say, which 
vanishes on C and is finite within C save at the point = a, in 
whose neighbourhood it behaves like log \z~a\, the real part of 
^(z) would be given by the equation 

V = log Iz— a|+Rl^( 2 ). 


The Cauchy-Riemanii differential equations would then enable 
us to find the imaginary part of (f>{z), save for an additive 
constant. 

A physical argument renders intuitive the existence of such 


t Seo Riemann *8 Qes. Werke (1876), 3-43. 
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a solution of Laplace’s equation. For consider an earthed 
cylindrical conductor of infinite length whose cross-section is 
the curve C. Then V is uniquely determined as being the 
electrostatic potential within this cylinder due to a line-charge 
of density — which is parallel to the axis of the cylinder and 
passes through the point of affix a. Unfortunately, however, it 
is just as difficult to give a rigorous proof of the existence and 
uniqueness of the electrostatic i)otentialt as it is to })rove Rie- 
inann’s theorem on conformal re])resentation. 

If the reader is prepared to accej)t this argumc^nt I'rom physi- 
cal intuition, it is easy to complete the ‘proof’ of Riemann’s 
theorem. It only remains to choose the arbitrary additive con- 
stant occurring in the imaginary part of ^{z) so as to make the 
given direction at 2 ; = a correspond to the real axis in the 
2 ^^-plane. We shall not attempt to give here an adequate i)roof 
of Riemann’s theorem, which can be found in various easily 
accessible works. J 

8.3. Homographic transformations 

We shall now consider whether it is possible to map con- 
formally the complete ;:-plane, apart from a finite number of 
exceptional points, on the complete le-plane. If it is possible, 
it will be effected by a relation w — j\z), where /(;:) is an analytic 
function which has only a finite number of singularities. 

The function f(z) cannot possess an isolated essential singu- 
larity; for, by Weierstrass’s theorem (§ 4.55), a function ap- 
proaches as near as we please to any assigned value in every 
lieighbourhood of an essential singularity, and this is clearly 
inadmissible here. The only singularities of f{z) are, therefore, 
poles, of which the point at infinity may be one, and so f(z) is 
a rational function (§ 4.56). 

But, by § 6.21, Ex. 1, a rational function takes any assigned 
value p times, where p is the number of its poles. Hence the 
function f(z) has but one singularity, a simple pole, since a con- 
formal transformation is one-to-one. If the singular ])oint is at 

t So© O. D. Kellogg, Foundations of PoUntlal Theory (Berlin, 1920). 

t See, for example, C. Caratheodory, Conformal Representation (Cambridge, 
1932), Chap. V; L. R. Ford, Automorphic Functions (New York, 1929), 
Chap. VIII; G. Julia, Le^^ons sur la representation conforrne (Paris, 1931), 
Chap. III. 
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a finitc/distance, the transformation is of the form 
w = {az-\-b)l{cz-\-d), 

where a, fe, r, and d are constants such that ad— be ^ 0; but 
if the singularity is at infinity, then 

w — Az-\-B, 

where ^ 0) and B are constants. In cither case the trans- 

formation is homographic. I 


8.31. Homographic transformations which leave the^unit 
circle invariant 

Homographic transformations which map the circle | 2 :| t= 1 
on \w\ = 1 are of particular importance in the theory of func- 
tions. The transformation w = (az-[-b)l[cz-\~d) will be of this 

if az+b _ J 

\cz+d\ 

whenever | 2 :| = 1 ; using conjugate complex numbers, we require 
{az+b)(dz+b) = {cz+d)(cz+d). 

The constants a, b, c, and d must, therefore, satisfy the equations 
ad-\-bb = cc-\-dd, ab = cd, 


as well as the inequality ad ^ be. 

Now, if a is not zero, the second equation gives b = cdja and 
hence b = cdjd. Substituting these values in the first equation. 


we find that 


(ad—cc)(ad—dd) = 0, 


and so \a \ — \c\ or |a| — |fi|. 

When \a\ = |c|, we can write c = where y is real. Sub- 
stituting tliis ill the equation ab = cd, we deduce that d = be^^. 
Hence, wlien \a\ \c\, the transformation degenerates into 

w = which is not a homographic transformation. 

To deal with the case |tt| = |d|, we write d = where 

S is real. We easily find that c = be~^^, so that the transforma- 


t For ail account of the elementary properties of homographic transforma- 
tions, see G. H. Hardy, Pure Mathematics (Cambridge, 1946), 97-9. Some of 
these properties are given in examples 6, 7, 8, 9 at the end of Chapter I of the 
present book. 
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tion is of the form 


w — 


d-\-bz' 
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{A) 


where \a\ ^ |6|. A similar investigation shows that this formula 
also holds when a = 0, the transformation then taking the 
particularly simple form w = where a is real. 

When w and z are connected by the homographic transforma- 
tion (A), it can be shown without difficulty that 

{l—ww)\a-\-bz\^ — (\—zz){ad—lZ). 

Hence when |s| < 1, we have \ir\ < 1 or ?e| > 1 according as 
|rt| > |61 or |a| < |i|. Thus the homographic transformation 
(.4) maps 1 conformally on |ie| 5^ 1 only if \a\ > |61. 

§ 8.33 we show that no other conformal transformation has 
this property. 


8.32. Schwarz’s lemma 

The proof of the result stated at the end of the previous 
section depends on the following lemma due to Schwarz. f If 
f(z) is regular in \z\ < iZ, where it satisfies the inequality 
1 /( 2 ;) I < M, and iff{0) — 0, then the inequality \f(z)\ < M\z\/R 
holds whenever | 2 ;| < iZ. Moreover, equality can occur only when 
f(z) = Mze^^jR, where a is a real constant. 

It follows from the data of the lemma t\mtf(z) is expansible 
as a power series > whose radius of convergence is 

not less than iZ. The function (f){z) — f{z)jz is, therefore, regular 
when | 2 | < iZ. 

Let a be any number whose modulus is less than iZ. If we 
choose r so that \a\ < r < R, then, by the principle of the 
maximum modulus, the function <f)[z) attains its maximum 
modulus in \z\ r at some point on the circle \z\ = r. Hence 
we have 1 ^. xi , 

10(a) I maxi — = -max \f{z)\ 

\z\=^r Z r 

and so I0(®)1 M/r. 

This last inequality holds no matter how near r is to iZ, and 
0(a) is independent of r. Making r R, we deduce that 
10(a) I < MjR, the first result of the lemma. 

t H, A. Schwarz (1869), Qes, Math. Abhandlungen, 2, 109-10. 
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If there exists a number a of modulus less than R, such that 
|<^(a)| MjR, we know that (f>(z) is a constant of modulus 
M JR. Hence we have f{z) = Mze^’^jR, where a is a real con- 
stant. This completes the proof of the lemma. 

Example. Provo that, if f(z) satisfies the oonditions of Schwarz’s 
loioma, |/'(0)| < MjR. Sliow also that ('quality occurs only when 
f(z) = Mze^''ITl, where a is a rc'al constant. 

8.33. Riemann’s theorem for a circle | 

Jjct us suppose tliat ~ f(z) maps \z\ • ' 1 conformally on 
|?t;| 1 and turns the interior i)oint z — c into the origim We 

shall now show that such a transformation is necessarily homo- 
graphic. 

We know that ^ {z~-~c)/{l — cz) maps |c:| 1 conformally 
on |?/’| 1 and transforms z c into the origin. Eliminating 

2 , we obtain a' transformation tv </>(^) wdiich ma])s |^i 1 on 

|w’| 1 and conserves the origin. This function satisfies 

all the conditions of Scliwarz’s lemma, and so 

i«’i < ici 

when 1^1 < 1. 

But we can also write this transformation in the form 
^ where 0(?/’) again satisfies the conditions of Schwarz’s 

lemma. Hence we have 

la < i'«i 

when |?e| 1. Combining these two inequalities, we find that 

1^1 < c:: I^I 

when 1^1 1, and so |?el — |^|. The second part of Schwarz’s 

lemma now gives iv -- where a is a real constant. Thus 
the transformation w — f(z) is of the form 

. z — c 

-- , 

and so is homograj)hic. 

If, in addition, we require that the direction arg( 2 — r) -- fJ at 
c is to be transformed into the ]>ositive direction of the real axis, 
we must take a — — j3. 

We can now show that there is a unique function tv — f(z) 
which maps \z—a\ < R conformally on |;/’| < 1 and also trans- 
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forms an interior point 2 = 0 into the origin and a given direc- 
tion at c into the positive direction of the real axis. For the 
transformation 2 ' == (z—a)jR maps \z~-a\ < R on | 2 '| < 1, 
transforms 2 = c into an interior point z' = c\ and leaves the 
prescribed direction unaltered. We have only to apply a 
homographic transformation to get the result stated. This com- 
pletes the proof of Riemann’s theorem for a circle. 

Example. Show that tho region |s— cf| < R is mapped conformally 
on Kl < 1 by 

W — 

where a is real and s — c is the point which is transformed into tho origin. 

8.34^ The conformal representation of a half-plane on 
"^acircle 

We shall now consider the problem of mapping the half-plane 
Imz >0 conformally on |i/^| < 1 and simultaneously trans- 
forming a given point c of that half-j)]ane into the origin = 0. 
By choosing R sufficiently large, wc can make c lie within tho 
circle \z—iR\ = R. As R tends to infinity, the interior of this 
circle increases until it fills up the whole half-plane. 

Now the transformation 

_ Re^'(z—c) 

^ R^—(z—iR){c^-\~iR) 

maps \z~iR\ ^ R conformally on |7/;| < 1 and turns 2 = c into 
= 0. If we write this transformation in the form 

ie“^(2— c) 

w - - — - 

(1— ic/i?)2- 

and then make i? 00 , we find that 

. 2 — c 

W = A 

z—c 

where iA| = 1, maps the half-plane Im 2 > 0 conformally on 
< 1 and turns 2 — c into w ^ 0 , as can be readily verified. 
It should be observed that, by suitably choosing A, we can 
make any prescribed direction at 2 = c correspond to the 
positive direction of the real axis at = 0. Making the appro- 
priate changes in the argument of § 8.33, we easily show that 
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Riemann’s theorem on conformal representation is also true for 

a half-plane. 

Finally, by making a preliminary translation and rotation, 
any half-plane can be mapped conformally on the interior of 
a circle. 

Example 1 . Show that Im z > 0 is mapped conformally on Im w > 0 
by w -- {az-\-b)/{cz-j-d)f provided that a, 6, c, and d are real and 
ad~hc > 0. What happens if ad— he < 0? 

Example 2. Show that w = ( \ — z)/( 14 -z) maps |2| < 1 confoijmally 
on R1 w > 0. Determine the curves in the lu-plane which correspond to 
\z\ — r and to argz — oc. \ 


8.4. Schwarz’s principle of symmetry 

Let r be a closed contour consisting of a segment AB of the 
real axis and a curve in the upper half-plane joining the ends 
of that segment. Let f(z) be an analytic function which is 
regular within F and continuous within and on F, and which 
also takes real values on AB, We shall now show that we can 
continue f(z) analytically across ^ J8 by means of the equation 
f(z) =f(z). This result is known as Schwarz's principle of 
symmetry.t 

If we reflect F in the real axis, we obtain a closed contour 
Fj consisting of the segment AB and a curve in the lower half- 
plane. We define the function <f}(z) by the equation (f){z) = f(z) 
when z is within or on F, and by <f)(z) = f{z) when s is within or 
on Fj. By hypothesis, (^( 2 ) is regular within F. It is also regular 
within F^; for when z and z+h lie within F^, z and z+R lie 
within F and so 

h h 


h-*oi n J 

If we denote by C the closed contour formed by the curved 
parts of F and F^, <^( 2 ) is evidently continuous within and on C. 
Hence, by § 5.5, the function 


F(z) = 





t Journal fur Math. 70 (1869), 106-7. 



193 


CONFORMAL REPRESENTATION 


is regular within C. But, when z lies within F, we have 


J(.)= ■ 

2Tn J t—z 2m J t—z 


V r, 

the value of the first integral is (f)(z) and the se cond integral 
vanishes. Hence we see that F{ 2 ) = (^(z) when z lies within F, 
and, similarly, also when z lies within F^. Finally, by continuity, 
it follows that this equation holds also when z is an interior 
point of the segment AB, but not necessarily when z is an end- 
])oint of that segment. 

We have thus shown that the function <f>{z) is regular within 
C. Since it is equal to f(z) within F, it provides the required 
analytical continuation of f{z) across AB. This completes the 
proof of the principle of symmetry. 


Example 1. F is a closed contour consisting of an arc -4B of the 
circle jz] = 1 and a curve within that circle joining A to B. The func- 
tion f(z) is regular within F and continuous within and on F. By 
mapping the arc on a segment of the real axis, prove that, if f(z) is 
real on AB, it can bo continued analytically across ^B by means of the 
relation f{z) = /(Ijz). 

Example 2. The function /(z) satisfies the conditions of Ex. 1, save 
that it now takes values of modulus 1 on the arc AB. Show that the 
analytical continuation of f(z) across ^B is given by/(z) = l//(l/z). 

Example 3. Show that, if 0 < a < 1, the angular region 

— 0L7T< argz < 0L7T 

is mapped conformally on the right-hand half-plane by w = 


8^ The conformal representation of a polygon on a half- 
'^ane 

Let us suppose that the relation w — f(z) enables us to map 
the domain within a closed polygon F in the z-plane conformally 
on the region Imw > 0. We propose to investigate the pro- 
perties of this function f(z). Actually it turns out to be more 
convenient to consider, not /(z), but the inverse function 
z = F(w). 

Now the function F{w) is regular and F'(w) does not vanish 
when Im w > 0. From this it follows that 




F''(w) 

F[{w) 


4111 


n 
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is regular in the upper half-plane. We next show that this is 
also true at any point on the line Im w = 0 which docs not 
correspond to a vertex of P. 

Let L be a side of P making an angle d with the real axis. 
Then if b is any point of L which is not a vertex of P, {z~b)e-^^ 
is real on L. Hence if w = p is the point corresponding toz = b, 
the function {F{w)—b}e~^^ is real and continuous on the segment 
A of the real axis corresponding to L, and is regular when 
Im w ^ 0 . By Schwarz’s principle of symmetry, this function 
can be continued analytically across A; it is, therefore, regular 
in a neighbourhood of j 3 and can be expressed as a Taylor series 
of the form 

{F(w)—b}e-^^ = 2 a^w—PY, 

r^l 

where the coefficients are real. Now if the first non-zero 
coefficient in this expansion were this would imply that the 
two segments into which L is divided by the point b intersect 
at an angle tt/^. Hence is not zero, and so d\ogF'(w)jdw is 
regular in a neighbourhood of jS and is real when w is real. 

When the point corresponding to s = i is the point at in- 
finity ,*j* we have similarly 

{F(w)—b}e-^^ == 2 

r«l 

where the coefficients are real and ^ 0 . This gives 

F"{w) ^ ^ 

F'{w) nf' 

Hence, in this case d\ogF\w)ldw is regular in a neighbourhood 
of the point at infinity and is real when iv is real. 

Next, let us suppose that L and U are consecutive sides of 
P intersecting in the vertex z' where P has an angle ocn. The 
function F{w) cannot be regular in a neighbourhood of the point 
w' corresponding to 2 == 2', since an angle oltt at 2' is mapped 
on an angle tt at w' . But since arg{(2'— 2)e~^^} is equal to zero 
and om on L and U respectively, the function [{z'—F(w)}e~^^]^f^ 
is real and continuous on the segment of the real axis corre- 
sponding to the consecutive sides L and L\ Moreover, this 

t In this case A consists of two segments of the real axis, each of infinite 
length. 
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function is regular when Imie > 0, since F(w)—z' is regular 
and does not vanish there. Applying the same argument as 
before, we see that 

is regular in a neighbourhood of w' and can be expressed as 
1 Taylor series of the form 


[{z'—F{w)}e-^'YI“ — 2 bXw—w'Y, 

r - 1 

where the coefficients hj, are real and is not zero. But this 
gives 

F(w) = 2 

. r-O 

whore 6o is not zero. Hcmce we have 


F'(v^) ^ (tv—w')^~^t>(w)y 


where ^{w) is regular and does not vanish in a neigliboiirhood 
of iv\ and so 


Aloe /■•(») 


ct—l 

w—u/ 


Hence if w' corresponds to a point at which P has an angle aTr, 
the function dlogF'{w)ldwheiS there a simple pole of residue 
a-1. 

In a similar manner the reader will readily show that, if the 
point at infinity corresponds to a vertex of P of angle oltt, then 




oc-fl 


+ V-- 

w vf 


Now suppose that the points a, 6, c,..., I (all of finite affix) lie 
on the real axis of the w;-plane and correspond to the vertices 
of P, and let n \ 

(XTTj pTT, yTT,..., ATT 

be the corresponding angles of P. Then the function 
d log F'(w)/d?>f; 


must satisfy the following conditions: 

(i) It is regular when Imw ^ 0 save for simple poles of 

residue a— 1, jS— 1, y— 1,..., A— 1 at the points a, b, 
I respectively. 

(ii) It is real when w is real. 
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is regular in the upper half-plane. We next show that this is 
also true at any point on the line Im = 0 which does not 
correspond to a vertex of P. 

Let L be a side of P making an angle d with the real axis. 
Then if b is any point of L which is not a vertex of P, {z—b)e-^^ 
is real on L. Hence ifw = pis the point corresponding toz — b, 
the function {F{w)—b}e-^^ is real and continuous on the segment 
A of the real axis corresponding to L, and is regular when 
Imw s> 0. By Schwarz’s principle of symmetry, this j^unction 
can be continued analytically across A ; it is, therefore, \regular 
in a neighbourhood of jS and can be expressed as a Taylor series 
of the form oo 

{F{w)—b]e-^‘' = 2 

r=l 

where the coefficients are real. Now if the first non-zero 
coefficient in tliis expansion were this would imply that the 
two segments into which L is divided by the point b intersect 
at an angle Trjp. Hence is not zero, and so dlogF'{w)ldw is 
regular in a neighbourhood of jS and is real when iv is real. 

When the point corresponding to 2 = 6 is the point at in- 
finity,! have similarly 

{F{w)—b}e-^^ ~ 2 

r=l 

where the coefficients are real and Ci ^ 0 . This gives 
F'(w) 

Hence. in this case d\ogF\w)ldw is regular in a neighbourhood 
of the point at infinity and is real when w is real. 

Next, let us suppose that L and U are consecutive sides of 
P intersecting in the vertex z' where P has an angle oltt. The 
function F{w) cannot be regular in a neighbourhood of the point 
w' corresponding to z = z', since an angle oltt at z' is mapped 
on an angle tt at w\ But since arg{(z'— z)e“^^} is equal to zero 
and OLTT on L and L' respectively, the function [{z'— 
is real and continuous on the segment of the real axis corre- 
sponding to the consecutive sides L and L'. Moreover, this 

t In this case A consists of two segments of the real axis, each of infinite 
length. 
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function is regular when > 0, since F{w)—z' is regular 
and does not vanish there. Applying the same argument as 
before, we see that 

is regular in a neighbourhood of w' and can be expressed as 
a Taylor series of the form 

[{s' — F{w)}e~^^yf^ — 2 b^{w—w'Y, 

r-l 

where the coefficients bj. are real and b^ is not zero. But this 
gives 

F{w) = z * 2 bl.ilv—iv'Y, 

r^O 

where to is zero. Hence we have 


F'{w) — {w—w')^-^^{w), 


where ^(w) is regular and does not vanish in a neighbourhood 
of w\ and so 


A 

dw 


log F'(w) 


a— 1 
IV— w' 


Hence if w' corresponds to a point at which F has an angle atr, 
the function d\ogF\w)ldw has there a simple pole of residue 

OL — 1 . 

In a similar manner the reader will readily show that, if the 
point at infinity corresponds to a vertex of F of angle oltt, then 


^\ogF'{iv) -= V y - 

dw tv vf 


oc+l 


Now suppose that the points a, 6, c,..., I (all of finite affix) lie 
on the real axis of the tt;-plane and correspond to the vertices 
of F, and let p \ 

’ aTT, pTT, yTT,,.., ATT 

be the corresponding angles of F. Then the function 

dlogF'{w)ldw 


must satisfy the following conditions: 

(i) It is regular when Imi/; ^ 0 save for simple poles of 

residue a — 1, jS — 1, y — 1,..., A — 1 at the points a, 6, 
c,..., I respectively. 

(ii) It is real when w is real. 
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(iii) It possesses an expansion of the form 


^\ogF\w) = -1+ y 
dw w~ vf 


r = 2 

valid in a neighbourhood of the point at infinity. 

Since the function is regular when Tmie > 0 and real when 
Jmv) = 0, we can continue it analytically across the real axis 
by Schwarz’s principle of symmetry, and we find that the only 
singularities of the function in the complete ?/;-plane a^e the 
prescribed poles on the real axis. Hence, by § 4.56, the function 
is a rational function and so is of the form \ 


A 

dw 


\og F'(w) 


v)~a w—b w—l 


+ 0(?y;) 


where <I>(m;) is a polynomial. 

Now when is large, we have 

r = l 

where c[ = (a:~l) + (^— l)+(r— l) + ... + (A— 1). 

But since cytt, jSrr, yTT,..., Att are the internal angles of a closed 
(1 — cY)7r'-|-(l — j3)7r-|-...-f-(l — A)7r = 2rr 

and so c[ = —2. Hence in order to satisfy condition (iii), 
must be identically zero. 

We have thus shown that the mapping function F{io) satisfies 
the diflferential equation 




^ .-I A-l 

w—a^w—b ' w—V 


Integrating this equation, we deduce that 

F(w) = ^ J (w—a)^-‘^{w—b)P-^,..(w—l)^-^ dw +H, 

where A and B are constants of integration. The integrand is 
not one-valued in the complete iY?-plane, but has branch-points 
a, 6, c,..., Z on the real axis. But if we take a definite branch of 
the integrand and suppose that the path of integration never 
passes below a branch-point, F{w) is regular when Imw ^ 0, 
save at the points corresponding to the vertices of F. 

It remains to show that the constants A, can be 
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suitably determined. Now, with any set of real numbers a, 6, 
c,..., I in the correct order, the relation z = F(w) maps the line 
= 0 on a closed polygon P', not necessarily simple, whose 
angles are the same as those of P. But, in order to construct 
a polygon similar to a given polygon of n sides, it does not 
suffice to make corresponding angles equal; there are n— 3 other 
conditions to be satisfied. We can, therefore, choose three of 
the numbers a, 6, c,..., Z arbitrarily and then choose the rest to 
make P' similar to P. This done, the scale, orientation, and 
position of P' are determined by |.4|,arg^, and B respec- 
tively. We can therefore clioosc A and B to make P' coincide 
with P. 

Let us denote by C the closed contour in the u’-})lane which 
consists of the segment of the real axis from —R to i?, indented 
at the points a, h, c,..., Z, and the semicircle in the u])per half- 
plane on this segment as diameter. Tlic function 

z = A j (hr -^-B 


is regular within and on (7. Moreover, wluui w goes round C, 
z describes the j)olygon P, indented at the vertices and also at 
the point corresponding to te = oo. It follows, l)y § H.12, that 
the region within C is mapped confornuilly on the region 
within P. If wc now make R tend to infinity and the radius 
of each indentation of C tend to zero, wo find that the region 
Imw > 0 is mapped conforynally on the interior of the closed 
polygon P of angles an, jStt,..., Att, by the relation 


z = A j (le— Z)^~^ dw +B, 


provided that the constants are suitably determined. This result 
was discovered independently by Schwarz^ and Christoff el. J 
It is often convenient to suppose that a is the point at infinity. 
In this case, condition (iii) has to be modified; we now require 
that the ekpansion 


A 

dw 


log F'{w) 


a+1 


t JowmaZ /wr Math. 70 (1869), 105-20. 
t Annali di Math. (2) 1 (1867). 96-103; 4 (1871), 1-9. 
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should hold near the point at infinity. Making this change, the 

reader will readily prove that 

F(w) = J dw + J5. 


8.51. Examples of the use of the Schwarz -Christolfel 
formula 


The region within a triangle ABC, of angles oun, yn where 
a-fj3+y= l,is mapped conformally on tlie upper half of the tt;-plane 
by taking . i 

z — D j {w—aY~^(w—b)^~^(w—cy~'^dw + 2 ^. ; 

The constants a, 6, c can be chosen arbitrarily, and D anti E ar^ then 
fixed by the scale, orientation, and position of the triangle. In particular, 
if we take b at infinity, the relation connecting w and z becomes 

z = D { (w—aY~\w^cY~'^dw -YE, 


The only n(5n-degenerate triangles for which this integral can bo 
simply evaluatodt are the equilateral triangle, the right-angled isosceles 
triangle, and the right-angU'd triangle with one angle Itt. In each of 
tliese cases w is an elliptic function of z. 

There are, however, certain interesting degenerate triangk's for which 
the integral can be easily evaluated. Tliese are discussed below. 

(i) Let us keep A and G and the direction of A B fixed and make y 
tend to 1. The triangle becomes the region between two straight lines 
intersecting at A at an angle cxn. Taking a — 0, the relation connecting 
w and a becomtvs ^ ^ Ftv-+E. 


The reader will easily verify that this relation enables us to map the 
angle 0 < arg{{z — £7)/2^} < air conformally on Imw > 0. 

(ii) Let us keep A and C fixed and make jS tend to zero. The triangle 
becomes the region between two parallel lines on one side of a trans- 
versal ; the corresponding relation between w and z is 

z = D j (w—aY~^(tv—cY~^ dw -YE, 

where a+y — 1. 

The simplest case occurs when the transversal cuts the parallel lines 
at right angles, so that a ^ y = i. Taking c = — l,a — l,wo then have 

= ■0 f = i>C03h-iw+£. 

J v(«’ -1) 

To verify that this is the case, we take D = 1, E - 0, so that 
w = cosh 2 . Writing z = x-Yiyt w ™ u-Yiv, we find that 
u = cosh a; cosy, v = sinha;siny. 


t See Love, American Journal oj Math, 11 (1889), 168-71. 
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Keeping the positive number x fixed, let y vary from 0 to tt. Then w 
evidently moves round the upper half of the ellipse 

— 1, 

cosh^a; sinh^a; 

Moreover, as x increases from 0 to oo, this arc of the ellipse sweeps out 
the upper half of the «/^-plane. Thus w =r. cosh 3 maps the half-strip 
3^1 z > 0, 0 < Ims < TT conformally on > 0. The discussion of the 
correspondence of the boundaries of the two rc'gions is simple and is left 
to the reader. 

(iii) Lot us keep C and the direction AB fixed, and then make a and jS 
tend to zero and y tend to 1 . In this way the triangle degenerates into 
the strip betwociii two parallel lines, which is mapped conformally on the 
upper half of the tt’-plane by taking 

z = D j (w—a)~^ dw -\-E. 

As a verification, let us consider the case when D — 1,£7~0, a = 0, 
so that w = If RI 2 is kept fixed and Iinz increases from 0 to tt, 
w moves round the upp(^r half of the circle Moreover, as 

RIs increases from —co to 00 , this circular arc swt^^ps out the upper 
half of the t/;-planc. Thus w = maps the strip 0 < 1ms tt con- 
formally on Iinie > 0. 


conformal representation of a' rectangle on a 
“^^^^^If-plane 

Tlie theon'in of Scliwarz and Christoff el shows that it is possible to 
map the interior of a rectangle conformally on the upper half of the 
te-plaiio by a transformation of the form 


z = D j l(w—a)(w—b)(w—c)(w—d)]~^^^ dw -\-E. 

We shall now consider the particular transformation of this tyi:)o 


w 

” J [(1 — A;V)]“V2 dt/;, 


where 0 < /c < 1. 

This integral is an elliptic integral and its value cannot bo expressed 
in terms of the elementary functions of analysis. At the present stage 
we cannot discuss the transformation by expressing w explicitly in terms 
of 2 , as this involves a knowledge of the theory of elliptic functions. 

Let us suppose that the integrand is positive on the real axis wh(*n 
— 1 < < 1, and that it is defined elsewhere on the real axis by con- 

tinuation along a path in the upper half-plane. It is easily seen that the 
integrand is equal to 1)(1 — when 1 < -a; < Xjk, and is 

equal to — 1)(A;W — 1)]“^/* when w > 1/A. We now consider how z 
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behaves when w describes the complete boundary of the positive quadrant 
of \w\ < i?, where R > Ijk, 

As w moves along the real axis from 0 to 1, 2 moves along the real 
axis from 0 to Kj where 


1 


This integral converges, and so K is finite and positive. 

When 1 < w; < 1/A;, the corresponding path of 2 is given by 

1 IV' , 

2 ~ J — J* 1)(1 — 

' . . ' \ 

The first integral is equal to K, whilst the second is real and increases 

from 0 to K' as w increase's from 1 to 1 /A*, wliore 

Ilk 

K' = J [(w2-l)(l-A:»w*)]-V2dw. 


The numb(‘r /C'-is (jvidently finite. Thus as w moves along the real axis 
from I to 1/A’, 2 moves along the line RI 2 — iv from K to K-\-iK\ 
Wlien w > J /ky the path of 2 is given by 

w 

z = A'-^ iK'- I dw. 

Ilk 

But if wo write kiv = \/t in this integral, we find that 

1 

( [(vr--~i)(k-ur--i)y^r^dw --- f [(i-r-)(i~kH^)]-^i^ dt 

Ik Hkw 

Ijkw 

K- J 

llkw 

and so iK'+ J [(l-f2)(l-fc*«=‘)]->/2 dt. (A) 


Hence as w moves along the real axis from 1/A; to R, 2 moves along the 
line Imz = K' from K-\-iK' to the point of affix 
llkli 

iK'+ J [( 1 -«*)(! 

0 

By analytical continuation, the formula (A) holds everywhere in 
\w\ > 1/A;. Hence 2 is regular there and can be represented by a con- 
vergent series of inverse powers of w ; in fact, if we expand the integrand 
and integrate term by term, we obtain 

^'^kU3 
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This shows that +o(~)) 

when \w\ is large, and so the path of 2 , as w moves from R to ti?, lies 
within a circle of centre iK' whose radius tends to zero as R-> ao. 
Moreover, the argument of z—iK' decreases by in moving along this 
path. 

Finally when w ~ iv where v is positive, wo have 

V 

s = i J + dv. 

0 

Since this integral is real and positive and decreases as v decreases, 
z moves along the imaginary axis from the point near iK' to the origin 
as w moves along the imaginary axis from iR to 0. We have thus 
shown that, as w moves round the complete boundary of thi? positive 
quadrant of \w\ < R, z moves roimd the rectangle with vertices 0, K, 
K-\-iK\ iK', indented at iK', and that the radius of the indentation 
tends to zero as R -> 00 . From this it follows, by § 8.12, that the region 
0 < argw < Jtt is mapped conformally on the interior of tliis rectangle. 

Now 2 is purely imaginary when Rltt^ = 0. By using Schwarz’s prin- 
cijilo of symmi'try, we find that the rcigion Jtt <' argw < tt is mapped 
conformally on the interior of the rectangle with vertices 0, iK', 
-K-j-iK', —K. Combining these two results, we see that the relation 
w 

s = J — dw 

0 

enables us to map the interior of the rectangle with vertices K, K-{-iK', 
— K-\-iK', —K conformally on the upper half of the i/;-plano. 
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MISCELLANEOUS EXAMPLES 

1. Show that stereographic projection maps the surface of a sphere 
conformally on a plane. 

2. Prove that it is possible to map a surface of revolution conformally 
on a plane in such a manner that the meridians and parallels on the 
surface correspond to lines parallel to the axes of coordinatt's. 

Sliow that, in the case of the sphere 

X -- i?sin0cos(^, Y = iJsin^sfn^, Z = RcosO, 

where 0 < 0 tt, 0 < < 277, a conformal maj)ping of this t^pe is 

provided by Mercator’s projection x — y = logtanj^. 

3. Prove that, when w ~ tanh 2 , the curves corresponding to dines 
parallel to tlie real and imaginary axes in the s-planc form two families 
of coaxal circles. 

Show that this relation maps the strip 0 < Imz < Jtt conformally on 
the upper half of the -plane. 

4. Prove that w = cos z maps the strip 0 < R1 s < tt conformally on 
the whole te -plane, supposed cut along the real axis from — oo to — 1 
and from +1 to H-cx). 

6. The circles | 2 -- 1 | = V2, |2+1| = V2 divide the z-plane into four 
domains, of which one contains the origin; show that this domain is 
mapped conformally on [le | < 1 by = 2zj(\—z^). 

(Math. Tripos, 1932.) 

6. Find a function w = f(z) which maps | 2 | < 1 conformally on the 
exterior of the parabola ~ — 4w, where w = u-^-iv, with z — 0 corre- 
sponding to w -- 3 and the positive directions of the real axes at these 
points corresponding to one another. (Math. Tripos, 1932.) 

7. Prove that, if a > 6 > 0, the equation 

{a~\-b)z'^—2wz+{a—b) = 0 

provides a conformal map of the annulus 'J{{a — b)/{a-\-b)} < |z| < 1 
on the interior of the ellipse x^ja^-^-y^jb'^ = 1, cut along the real axis 
between its foci. 

Discuss the representation in the 7/;-plaiio of the curves \z\ — r, 
arg 2 = a, and, in particular, the behaviour of the transformation at 
points on the boundary of the aimulus. 


8. Prove that 


(l-f23)2_f(l_s3)2 

(1 +23)2 -f7:(l -23)2 


maps the region | 2 | < 1, 0 < argz < Jtt conformally on \w\ < 1. Dis- 
cuss the correspondence between the boundaries of the two regions. 

(Edinburgh, 1932.) 
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9. A domain S containing the circle |z| = 1 is mapped conformally 
on a region S by w = /(s), the circle being transformed into a curve T, 
Show that the curvature of Y is 

[l+Rl{2r(2)//'(^r)}]-|/'(;:)|. 

10 

10. Show that ^ ~ f dw 


maps the upper half of the i/j-plane conformally on the interior of a 

iTT 

square of side J ^{coficcd) dd. 

0 


11. Provo that 


z = 





maps \w\ < 1 conformally on the interior of a scpiaro of diagonal 
1 

2 J dw. 

0 

12. Show that the region outside a square in tine 2 *plane can bo 
mapped conformally on \w\ < 1 by 


/ 




dw. 


13. The function f(z) is regular in \z\ < R, whc^re it satisfies the 
ineciuality |/( 2 )| <; M\ moreover, /(O) = c. By applying Schwarz’s lemma 
to the function 


F(z) = 


M{f(z)-c) 
M^~cf(z) ’ 


prove that 


ii—p MR-{-p\c\ 


when l^l < /) < i^. (Carath^odoby.) 

14. Show that, if > 0, the relation iriw = 24 log 3 maps the half- 
plane Rlz > 0 conformally on the strip ■—h<YAw<h, Deduce that 

TTIW =24 log 


maps lz[ < 1 conformally on — 4 < Rli^ < 4. 

15. The function f{z) is regular in \z\ < R, where its real part 
satisfies an inequality |R1/(2)| < 4; moreover, /(O) = 0. Show that the 
inequality 24 R+\z\ 


holds when \z\ < B. (CAHATHiiODOBY.) 
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16. The function f{z) is regular in \z\ < R, where its real part is never 
negative; moreover, ,/(0) 1. By considering the function 


show that the inequalities 


m = 


1 -/( 2 ) 

l+/(2)’ 


Izl 


< 1/(2) I < 


R-\z\ 


|Im/(2)| 

hold when \z\ < R. (Lindelof.) 
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THE GAMMA FUNCTION 


9.1. The definition of r( 2 ) 

The problem of finding a function of a real variable x which is 
continuous when x is positive and reduces to x\ when x is 
a positive integer, was first solved by Eulerf in 1729, when he 
showed that the limiting function J 11 (a:) of the sequence 

U{x,n) = , , ,.7-^?" , , . (n= 1,2,3,...) 

(x+l)(a:+2)...(x+m) 

has the desired property. To prove this we observe that, when 
a: is a positive integer and n > x, 

, n\x\ ^ 

(n+a;)!” “ (w+l)(a+2)...(n+a:) 




x\ 


as n -> 00 . 

Euler also gave a definite integral formula for this function 
IT (a:;), which is most simply obtained by considering the expres- 
sion 1 

J (1 — 

0 

which is now called an Eulerian integral of the first kind. When 
71 is a positive integer and a; > —1, it is easily shown, by in- 
tegration by parts, that the value of this integral is 1 1 (a;, 7i)/7i®+^ 
Writing i = nr, we deduce that 

n(x,n)= J|i-^pFrf<, 

0 

from which it follows (cf. § 9.21) that 

GO 

n(x) = J e-‘Fdt. 

0 

t He announced his discoveries in two letters addressed to Goldbach. These 
are printed in Correspondance rmthematique et physique de quelq'ues cdlibres 
qiomHtea du XVIII^^ sikcle (Saint-Petersbourg, 1843), 1, 1-18. 
t This notation is due to Gauss. 
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This infinite integral is called the Eulerian integral of the 

second kind. 

In the present chapter we consider the properties of the 
Gamma function! of a complex variable, defined by the 
Eulerian integral of the second kind 

r(2:) = J e-¥-^ dt 

whenever this integral converges (it being understood ttiat 
has its principal value), and defined by analytical continVation 
elsewhere. > 

Example. Show tliat r(n) = (n— 1)! when n is a positive integer, 

9.11. The analytical character of r( 2 ) 

To discuss the convergence of the integral defining r( 2 ;), it is 
most convenient to write 

1 00 

where <I>( 2 ) = J dt, T( 2 ) = J dt. 

0 1 

We consider the function T(z) first. 

Let us suppose that z lies in a quite arbitrary bounded closed 
domain. Then there exists a constant A such that Rlz ^ A 
when z lies in this domain, and so 

when I, But since tends to zero as ^ +oo, there 

exists a constant G, depending on A, such that ^ ^ when 
t I, Hence we have 

\^-tlz-l\ ^ Q^-\t 

when 2 lies in the given domain, and so, by the iH-test (§ 5.52), 
the integral defining ^*( 2 ;) is uniformly and absolutely con- 
vergent. It follows, by § 5.51, that ^*( 2 ;) is an analytic function, 
regular in every bounded closed domain, and so is an integral 
function. 

t The notation r(2) is due to Legendre. For some purposes it is still found 
more convenient to use the older notation of Gauss and write 11(2—1) for the 
function denoted here by r(2). 
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To deal with the integral for <b(z), it is simplest to make the 
transformation t = Iju, which gives 

0(2) = J du. 

This integral obviously does not converge when RI2 < 0. It is, 
however, uniformly and absolutely convergent in any bounded 
closed domain which lies definitely to the right of the imaginary 
axis. For in such a domain an inequality R1 2 > S, wlicre S > 0, 
is satisfied, and hence 

when The result stated follows immediately by the 

ilf-test, and implies that 0 ( 2 ) is an analytic function, regular 
when RI2 > 0 . 

We have thus shown that r( 2 ) is the sum of an integral func- 
tion T(2) and an analytic function 0(2) which is regular to the 
right of the imaginary axis. We next show how to continue 
0(2) analytically across the imaginary axis. If in the formula 

1 

0 (z) = J e-¥-^ dt 


we replace by its Taylor series and then integrate term by 
term, as we obviously may when RI 2 > 0, we find that 


n\ (z-\-n) 

But this series is uniformly and absolutely convergent in any 
closed domain which contains none of the points 0, —1, — 2 ,..., 
and so provides the analytical continuation of 0 ( 2 ). 

The Gamma function is therefore of the form 


where ^(z) is an integral function. The only singularities of 
r(z) arc thus simple poles at the points 0, — 1, — 2 ,..., the residue 
at z = —n being (— 1)"^/«! . 


9.2, Tannery’s theorem 

In order to prove the identity of the Gamma function and 
Euler’s limit (§ 9.1), we need the following lemma, which is the 
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analogue of a well-known theorem concerning series, due to 
Tannery .f 

If limf(t,n) = g(t), limA„ = +oo, 

/\n ^ 

then lim 

n.->Qc^ 

provided thatf(t,n) tends to its limit g(t) uniformly in my fixed 
interval, and provided also that there exists a positive function M(t) 

such that \f(t,n)\ < 31 (t) for all values of n and t, and a\so such 
00 ' 
that J 31{t) dt is convergent. 

a 

Let T be any number greater than a. Then if n is chosen 
large enough to make > t, we have 

J f{t,n)dt- J g(t)dt 
j if—u) + j 


J f(t, n) = J gif) dt. 


< I {f{t>n)—g{t)} + J \f(t,n)\ dt + j |gr(<)| dt. 

But since \f(t,n)\ ^ 31 {t) for all values of n, we also have 
|gf(/)| < 31{t). This gives 

K 00 

j" fit, n)dt — j g{t) dt 


T J w 

^ j {f{t,n)-g[t)} dt^ + 2 j M[t) dt. 


Now f{t, n) converges uniformly to g(t) in the fixed interval 
a < < < T, and so the first term on the right-hand side of this 
inequality tends to zero. Hence we have 
K 00 


lim J f{t, n)dt — j g{t) dt 




2 j M(t) dt. 


t See Bromwich, Infinite Series (2nd edition), §§ 49, 172. 
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00 

Since the integral J M{t) dt converges, we can make the expres- 
sion on the right-hand side of this inequality as small as we 
please by making t sufficiently large. But as the expression on 
the left-hand side of the inequality does not involve t, this 
implies that 

lim J f{t,n) dt — j g(t) dt = 0, 
and so the lemma is proved. 

Example, Let -F(n) = ^ ^V(^)» where p tends steadily to infinity 

r— 0 

with n. Then if i7^(n) -> Wj. as n — > oo for each fixed value of r, prove that 

lim F(n) — 2 

w— >cx) r— 0 

provided that |V;.(n)| <: where M^. is indoiM'ndc'iit of n and 2 

converges. (Tannery.) 


9.21. Euler’s limit formula for r( 2 ;) 

We shall now show that, if 


r(z,n) 


z{z+l){z+ 2 )..,(z+n) 


1 , 2 , 3 ,...), 


then V[z,n) tends to r(2;) as rt -> oo, the convergence being uni- 
form in any bounded closed domain I) winch contains none of 
the singularities of r(2;). The proof falls into two parts. 

In the first place, we have 


But since 






when r is large, the infinite product 


1 

z 


n ■+,- K 


converges uniformly and absolutely in D to an analytic function 
F(z), say. This, however, implies that T{z,n) tends uniformly 
to F(z) in Z>. It only remains to show that F{z) is identical with 

4111 p 
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r(z); moreover, by the theory of analytical continuation, it 
suffices to prove this when R1 2 ; > 1 . 

Now if ri is a positive integer and Rlz > 1, it is easily shown 
by integration by parts that 

1 n 

r(z,n) = j (1— = J |i— I jV-i dt. 

It will follow that 

T{z,n) -> J dt = r( 2 ;), 


provided that we can show that the conditions of Tannery’s 
theorem are satisfied. 


From the equation 




it follows that, when 0 ^n, 

t 




2n 


Hence, if x denotes the real part of 2 , 


and so 


f\n 

1 1 

n 


as n -> 00 , uniformly with respect to t in any fixed interval. The 
first condition of Tannery’s theorem is thus satisfied. 

Again, we also have 

1— = |l— IjV-i ^ e-'P-i. 

03 

But since a: > 1, J dt converges and the second condition 

0 

of Tannery’s theorem is satisfied. This completes the proof! 
Euler’s limit formula for r(z). 

t The argument is much simplifitnl if one uses Lobcsgiio’s theory of integra- 
tion. See Biirkhill, The Lebesgue Integral (Cambridge, 1951), p. 42 Ex. 4, and 

p. 82. 
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It should be observed that we have shown incidentally that 



n{(*+^r('+sn- 


This formula is also due to Euler. 


Example. Show, by using Hiirwitz’s theorem (§ 6.21, Ex. 2), that 
V{z) never vanishes. 


9.22. Two important identities 

We shall now deduce from Euler’s limit formula the two 
important identities 

r{z+i) = zr{z) . 


— 2 ;lim 


and r(s)r(l— 2j) = ttcosoctts. 

To prove the first identity, we observe that 

n\7i^ n 

LXXIL 

t-.:Ds(;:4-l)(2+2)...(z-|-'w) z+n+1 

= zr{z). 

From this it follows imniediatoly that, when « is a positive 
integer, ^ (n- 1 ) ! r( 1 ) --= (n- 1 ) ! 

Again, we also have 

,„/i X 1- 1- 

I (.)r(l -.) = to hm 


lim 


nl n\ n 




Hence, by the example of § 6.83, 

r(z)r(l— Z) = TT cosec TTZ. 

Example 1. Provo that r(i) = Vtt. 

Example 2. Show that 

{2n)\ = 22”n! r(n-|-4)/V7r. 
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Example 3. Show that, if x is real, 

l^("^)l VCsinhTrJ' 

Example 4. Prove that r(z,n) = n*r(n+l)r( 2 )/r(n+ 2 +l). De- 
duce that n*r(n)/r(n + 2) -> 1 as n -> oo. 

Example 5. If t/j(z) df'notcs the derivative of log r(z), show that 
0(1— z) — ^(z) = TT cot 77-2. 


9.23. Legendre's duplication formula 

It was shown by Legendre that r( 22 ) can be simply expressed 
in terms of r(z) and r{z-\-l). To prove this result, we observe 
that, by § 9.22, Ex. 2, 


r(2z, 2n) = 


{2n)\{2n)^^ 

2zi2z+l){2z+2)...{2z+2n) 


22z-1^2z^I 

\/7Tz(s+r)(z+2)...{z+w)(z+|)(2+!*)!..(3-fw-|) 


22s- 1 

Vtt 


V{z,n)T{z-\-h,n) 


^n+l ) z+l+n 
7t*r(/i) n 


If we now make n-> oo and use the result of § 9.22, Ex. 4, we 


find that 


7rir(2z) = 2^^-^r(z)r(z+i). 


This is Legendre’s duplication formula. 


9.3. The Eulerian integral of the first kind 

The Beta function B( 2 ?,g) is a function of two complex 
variables p and q, defined by the Eulerian integral of the first 
kind 1 

^{p,q) ^ I 0®”^ dt 

0 

whenever this integral converges, it being understood that 

where the logarithms have their principal values. This equation 
defines B{p,q) when the real parts of p and q are positive. For 
other values of the variables, the Beta function is defined by 
analytical continuation. 

As we have just seen, there is a close connexion between the 
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Eulerian integral of the first kind and the Gamma function. We 
shall now exhibit this connexion more fully by showing that 


B{p,q} = 


r(p)r(g) 


For simplicity of proof, we assume temporarily that the real 
parts of p and q exceed unity. 

Let us denote by Sj^ the square bounded by the lines x 0, 
X R, y = 0, y = R. We then have 


r(p)r(5) = J dx X j dy 

0 0 
R R 

= lim f dx f dy 

R -XXj f *1 


0 0 


lim f f dxdy, 

R 

Sh 


the double integral being equal to the repeated integral since 
the integrand is a continuous function of both variables. We 
next show that 

r(jp)r(^) ~ lim f f e dxdy, 

■t R 

where denotes the triangle bounded by the axes and the lino 
x-\-y ~ R. 

For, if we call the integrand f(x,y), we have 


Jj /(^.2/) dxdy — I*! f(x,y) dxdy 

Ta 


JJ f{x,y)dxdy 

i'R 


< 


JJ \f{x,y)\ <l-»:dy 
JJ \f\dxdy - JJ If \ dxdy. 

Sn 

But this last expression tends to zero as i2 -> co, since 

JJ 1/1 dxdy = JJ dxdy r(Rl 2 J)r(Rlg). 
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Hence I^(/>)r(g') = lim f f dxdy, 

■l R 

If in this last equation we now make the substitution 
x-\-y — y = we obtain 

R 1 

r(j;)r((/) = Hm r d^ X f — di] 

ou 1 

= J (l^ X J — dt 


= r(p+g)B(i^,9). 

This proves the theorem when the real parts of p and q exceed 
unity. The result still holds, however, whenever the integral 
defining converges, that is, when the real parts of and 

q are positive. For the expressions on each side of the equation 
are regular analytic functions of each variable. 

We have thus proved that 


B(/i,g) 


r(p+tf) 

when tlie real parts of and q are i)ositive. For other values 
of p and q, this e(j[uation is to be regarded as the definition of 
the Beta function. 

An important generalization of the Eulerian integral of the 
first kind is due to Poch hammer,! who showed that, with this 
general definition of the Beta function, 



— 4e(/^-Kf)’ri yiii yin irq B(j>, ^), 


where C denotes a rather complicated contour encirchng each 
of the points 0 and 1 twice in opposite directions. For the 
details of this we refer the reader to Pochhammer’s original 
memoir. 


9.4. Euler’s constant 

We now show that the numbers 

^ "h "i" o •••H logri (71= 1,2,3,...) 

2 3 n 

t Math. Annalen, 35 (1890), 495. Soo also Whittaker and Watson, Modem 
Analysis (1920), 250-7. 
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form a convergent sequence whose limit y lies between 0 and 1. 
This constant y, which is approximately equal to 0*5772, is of 
great importance in the theory of the Gamma function and is 
usually known as Euler’s constant. 

To prove this, we observe, in the first place, that the sequence 
is a steadily decreasing one. For 

= „+ D+iog” = -^i) < »• 

On the other hand, since 1/^ decreases as i increases, 




from which it follows that 

i < 1 . 

n 

The sequence is, therefore, bounded and steadily decreasing, 
and so tends to a limit y. Moreover, by the last inequality, 
y must lie between 0 and 1 . 


9.41, The canonical product for l/r( 2 :) 

We have already seen that T(z) is an analytic function which 
has no zeros and has simple poles at the points 0, — 1, 2 ,..., 

From this it follows that ^/^(z) is an integral function with 
simple zeros at the points 0 , — 1, — 2 ,.... We now exhibit the 
property more clearly by proving that 


1 

W) 




so that l/r(3) is an integral function of order 1. This formula 
is due to Schldmilchf and F. W. Newman. J 
To prove this, we start with the equation 

1 ^ z{z+l)(z+2)..,{^+n) 


t AtcMv deT Math, utid Phya. 4 (1844), 171. ^ 

t Cambridge and Dublin Math, Journal, 3 (1848), 57-60. 
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in the notation of § 9.21. Hence we have 

((*+-')'■* 

as 00 , by the result of § 9.3. Since r(s, n) r( 2 ), thiss gives 
the required result. 


9.5. Asymptotic expansions 

A series Ao+'^ + ^ + ... + ^‘ + ... , 

Z 2“ Z'^ 


which may either converge for large values of \z\ or diverge for 
all values of z, is called an asymptotic expansion of the function 
F(z), valid in a given range of values of args:, if, for every fixed 
value of n, the expression 




F{z)-A, 


dl 

z 


tends to zero as \z\ oo, whilst argz remains in the given range. 
When this is the case, we denote the relationship between the 
function and the series by writing 

F(z) Ao+^+^- 

Z 2“ 


This definition, which is due to Poincare, f implies that the 
difference between F[z) and the sum of n terms of its asymptotic 
expansion is of the same order as the (w+l)th term when \z\ is 
large, a fact which often renders an asymptotic expansion more 
suited for numerical computation than a convergent series. 

If a function F(z) possesses an asyrnj)totic ('xpansioii 

m 

z z~ 


t Ada Math. 8 (1880), 285-344. 
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the coefficients are determined successively by the equations 
lim F{z) = Af,, 

lira z{F{z)—A^ ■= A^, 

\z\-*co 

lim 

UK® \ z I 

and so on. On the other hand, a knowledge of the asymptotic 
expansion docs not determine the function, since two functions 
may possess the same asymptotic cxi)ansion. For example, e*/® 
and have the same asymptotic expansion 

1 1 


1 - 


valid in the angle [arg^ 


2 . 1 ! 


‘)i 


+ . 


9.51. A more general definition of an asymptotic expan- 
sion 

It may happen that, even though the function F(z) does not 
possess an asymptotic expansion, there exists a function G(z) 
such that 


F(zJ 

a(z) 


'^ 0 +^ + ^ + - 


in a certain range of values of args. In this case, we shall write 

The term ylg 0(z) is called the dominant terra of this asymj)totic 
representation of F{z). 

Example 1. Show that, if f(z) 2 A,„^z-^ and g{z) 2 

0 0 

the same range of values of argz, then 

CO 

f(z)g(z) ~ 2 C'mS"’". 

U 

where 2 “f 

Example 2. Prove that, f(x) ^ ^ when x is large and 

2 

positive, then 00 ® 
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9.52. Watson’s lemma 

The following lemma, due to G. N. Watson, f enables us to 
determine very simply the asymptotic expansion of a function 
defined by a definite integral. Although the type of integral 
considered is apparently very special, the lemma does, in fact, 
cover many of the cases which occur in analysis. 

Let us suppose that f{t) is an analytic function, regular, save 
possibly for a branch-point at the origin, when |<| a-jf-S, where 
a and 8 are positive, and let 

\ 

m = I 

m=l 

when 1^1 ^ a, r being positive. Let us suppose, further, that, when 
t is positive and t'^ a, 

\m\ < 

where K and b are positive numbers independent of t. Then 


F(z) = J e-^/(<) dt 
0 


00 


m=l 


when \z\ is large and largz| A, where A is an arbitrary 

positive number. The lemma states that the asymptotic expan- 
sion is obtained by substituting in the integral the series for f{t) 
and then integrating formally term by term. 

To prove this lemma, we observe that, having fixed a positive 
integer M, we can find a constant C such that the inequality 

M-l 

/(O- I Ct^mr)-iebt 

7 / 1=1 

is true when i ^ 0, no matter whether t ^a or not. Hence, if 



dt +Rm, 


M-l 

771=1 

we have to show that is bounded as \z\-> co. 

t Proc. London Math, Soc. (2), 17 (1918), 133. Soo also Watson, Bessel 
Functions (1922), 236. 
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Writing z = x-\-iy, we find that 


< J dl 

0 

^ CV{Mlr) 


provided that x—h is positive. But from the condition 
|argz| < Itt—A, we have x ^ | 2 |sinA, so’ that x—b is positive 
if | 2 :| > 6cosec A. Hence, when jargs Att— A < Itt and 
\z\ > 6 cosec A, we have 




(|z|siriA— ^ 


tliis completes the proof of the lemma. 


9.53. The asymptotic expansion of r{z) 

We shall now discuss the behaviour of r(s) for large values 
of \z\ by finding the leading terms in its asymptotic expansion, 
vahd when larg 2 ;| < tt. One way of doing this involves proving 
first Stirling’s! asymptotic series 

logr(z) ~ (z— J)logz-z+J-]og(27r)+ 2 

In this formula, the coefficients are Bernoulli’s numbers 
defined by the expansion 

IzcotiiTiz = 1+2 

r==l 

The required asymptotic expansion of r( 2 ) can be deduced from 
that of its logarithm, though it is difficult to give any simple 
formula for the coefficient of the general term. 

As this method f involves a number of difficult preliminary 
transformations, we obtain here the asymptotic expansion of 

t First published in his Methodus dtjfermtialis (London, 1730), 135. 
t See Whittaker and Watson, Modem Analysis (1920), 246-53. 
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r(s) directly from the definition as an integral, by a method 
based on Watson ’sf discussion of a closely related problem of 
Ramanujan. 

When z is real and positive,* the transformation t = zu gives 


r(z)-lr(i+2) 


1 

Z 


00 


J 


e-¥ dt = 



du 


w 

and so z~^e^r{z) = j {ue^-'^y du. 

Although we have proved this formula by supposing that z is 
real and positive, it will also hold, by the theory of analytical 
continuation, in any closed region in which z---e-r{z) is regular 
and the integral is uniformly convergent. The formula is, there- 
fore, true when RI 2 > 0. 

Let us suppose, then, that RI 2 > 0 and that | 2 ;| is large. We 
observe that increases steadily from 0 to 1 as increases 
from 0 to 1 , and then decreases steadily from 1 to 0 as increases 
from 1 to 00 . We now write 

1 00 

z-*e*r(2) = J (ue^-^ydu + j (Ue^-^^YdU, 

0 1 

it being convenient to use different symbols for the variable^ 
in the different i)arts of the range of integration. 

If, in the second integral, we make the substitution 
c-^ = Ve^-^ , t increases steadily from 0 to 00 as U increases 
from 1 to cx); on the other hand, if we put e~^ — ue^~^ in the 
first integral, t decreases steadily from 00 to 0 as 24 increases 
from 0 to 1. In this way we obtain the equation 


ao 



to which we may apply Watson’s lemma. 

Now JJ and u are the two real solutions of the equation 

t — 24—1— log 24. 

t Proc. London Math. Soc. (2), 29 (1929), 293-308. See also Ex. 18 at the 
end of the present chapter. 
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In order to determine the nature of these solutions we consider 


the equation 




defining i/; as a function of the complex variable 

Now I, regarded as a function of w, is two- valued in the 
neighbourhood of the origin, its two branches being 

5 == + ),/ 2 . 

Since each branch is an analytic function of w, regular when 
lii;| < 1, with a simple zero at = 0, it follows, by §§ 6.22, 6.23, 
that the equation 

^ )l/> 

possesses a unique solution 

regular in a neighbourhood |^| < p of the origin. As we saw 
in § 6.23, the coefficients are given by the fact that is the 
residue of at = 0; in particular, 


3> aV ^4 270’ ^5 ilso* 

We shall denote this solution by Similarly, the solution of 

^ = — w;(l— 


regular in |^| < p, is le = where w^{l) = u’i(— 0- 

We have thus shown that the function w{Q defined by the 

equation K._„-l„g(l+») 

has two branches w — ^ — ^^ 2 ( 0 ? c^^h regular in a neigh- 

bourhood of the origin. The only branch -points or other singu- 
larities of w{X) are the points at which divjdl^ is zero or infinite. 
Since 


dv^ 




w 


these are ^ = 0 and the points corresponding to i/; = 0 and 
w = — 1. Of these, ^ = 0 is not a branch-point of 
the value of ^ corresponding to w = — 1 is infinite ; thus the 
only singularities of of finite affix are given by = ^mriy 
where w is a positive or negative integer. Similarly for W 2 [Vi- 
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If we now put = 2t, we see that the functions U, u are 
regular when jlm^l < 2tt, save for a branch-point at the origin, 
and that, when |^| < 2tt, 

U = l + (2<V/Ha2(2<)+«3(20®''+a4(20-+-, 

the square roots being positive when t is real and positive. 
Lastly, since 


dt dt U—i -u 




d(U—u)ldi is bounded when / ^ e > 0. The conditions of Wat- 
son’s lemma arc, therefore, all satisfied, and the asymj)totic 
expansion of oo 



dt 


is obtained by substituting for U and u their expansions in 
powers of ^{2t) and integrating formally term by term. From 
this it follows that, when |arg 2 ;| A < ^tt and |;^| is large> 

2--e*r(z) ~ V(2/2)[r(*) + 3r(i)a.3(2/2)+5r(|)05(2/2)2+...], 


Hence the required asymptotic expansion is 


r(.) 



1 

288^2 



9.54. The range of validity of the asymptotic expansion 

of r(z) 

We next prove that this asymptotic expansion of r(z) is valid 
for all large values of \z\, except when z lies in an arbitrarily 
small angle enclosing the negative part of the real axis. 

The validity of the expansion when Rls > 0 followed from 
applying Watson’s lemma to the formula 

z-^e^r(z) = J e~^F(t) dt, 

where F{t) — d(U—u)ldt. Now by applying Cauchy’s theorem 
to the integral of e~-^F{t) round the complete boundary of the 
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sector of |<| < bounded by arg< = 0 and arg< =. a, we easily 
show that, if — ^TT < a < then 

00 00 

J e-‘*F{t) dt = j exp(— z«e“‘)JF'(te“*)c“* dt 
0 0 

when the real parts of 2 and are positive. But the latter 
integral converges uniformly in any closed region for wliich 
Rl( 2 e“’) > 0 and represents an analytic function. The expres- 
sion on the left-hand side of this equation is equal to z~^-e-r(z) 
when Rlz > 0. Since the half-planes Rlz > 0 and Rl(ze''^) > 0 
have an area in common, it follows, by analytical continuation, 
that Qo 

z-^e^r{z) = J ex-pi— zie°^^)F(te°^^’)e°'^ dt 

0 

when Rl( 2 e®^’) > 0, provided that — -Jtt < a < ^tt. 

Writing temporarily ^ for we obtain, by Watson’s lemma, 


OU 00 

I exp(— = J 

0 0 

\ I I \ 12 £^ 28 «£*^ I 

\zl \ 12s^2#tte>^ I 

From this it follows that 


r(z) 



i+— +-^+ 

12z^288z2 


■■■) 


when |arg( 2 e“'')| ^tt— A, where A is an arbitrary positive 
number. But since a is any number between ± Jtt, this implies 
that the asymptotic expansion is valid under the single restric- 
tion largzl ^ 7T— 8, where 8 is any positive number. 


9.55. The asymptotic behaviour of |r(x+i2/)l when y is 
large 

Since r( 2 ) takes conjugate complex values at points which 
are symmetrical with respect to the real axis,! we have 
ir(z)|2 = r(z)r(z), 

t This is obvious from the canonical product for l/r(c). Alternatively 
it is a .consequence of Schwarz’s principle of symmetry (§ 8.4), since r( 2 ) is 
real when z is real. 
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and so, when |arg2| < tt, 


|r(z)|2 ~ | 2 | 

Writing z — x-\-iy, this gives 

\V(x-\-iy)^ ~ 2 TTe~~'^^{x-\-iyY'^'^^{x — iyY~^‘^j\z\ 

= 27 re- 2 ^(a: 2 +?/ 2 )a:-i/ 2 e- 2 varg 2 f 


Now suppose that y increases indefinitely, whilst x\ remains 
finite. Then 


\r{x-\-iy)\^ ~ 27 re-^^y^^ 




.2\.t-1/2 \ 

g-7ri/+22/ arctan(it/i/) 


~ = 27 Ty-^-^e-^y. 

When y is large and negative, the corresponding asymptotic 
formula _ \V{x-\-iyW 2 n{-y)^-^e‘"y 


follows immediately if we remember that 

\T{x+iy)\ = |r(a;-i2/)|. 
Combining these two results, we have, finally, 
\T{x+iy)\ ^{ 2 tt) \yY-il2e-rr\y\l2 
when X is finite and \y\ large. 


9.56. Another proof of Legendre’s duplication formula 

We now give an alternative proof of Legendre’s duplication 
formula, depending on the use of Liouville’s theorem. 

Let us consider the function 

<l>(z) = 22^r(z)r(z+^)/r(22). 

Its only possible singularities are the poles of the numerator and 
the zeros of the denominator. Now the numerator has simple 
poles at the points 2 z = 0 , — 1 , — 2 , — 3 ,...; but since these 
points are also simple poles of the denominator, they are not 
singularities of <f)(z). The denominator r(2z) never vanishes. 
Hence <^(z) has no singularity of finite affix and so is an integral 
function. 

Again <l>(z) is a periodic function of period 1 , since 

<^(g+l) ^ 2-2(2+ i) ^ j 
(f){z) (22+1)2z 

by the recurrence formula for the Gamma function. Hence, if 
we can show that ^(2) is bounded when Rlz ^ 1 , say, it will 
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follow, by periodicity, that it is bounded all over the z-plane. 
But, by the asymptotic expansion of r(z), we have 

= 2(iy*(l + ij'[l+o(IJj = 2V,il + 0(l/l2|)) 

when \z\ is large and |arg2| < tt. Hence (f>{z) is certainly 
bounded when RI2 ^ 1. 

We have thus shown that <f>{z) is an integral function which 
remains bounded as |z|->oo in any manner. By Liouville’s 
theorem, this implies that <^(2) is a constant, its value 2V7r being 
found by making |2|->cx). This completes the proof of Le- 
gendre’s duplication formula 

7t^T{2z) = 22^-ir(2)r(2+i). 

Example. Prove Gauss’s multiplication theorem that, if n is a posi- 
tive integer, 

r(2)r(2+i)r(s+^)...r(*+^) = (2Tr)i'»-i>n‘-’**r(n,2). 

9.6. Hankel’s contour Integral for l/r( 2 ) 

The Eulerian integral of the second kind defined r(z) only 
when the real part of 2 was positive. We now introduce a 
contour integral, due to Hankel,t which represents the Gamma 
function under much less restrictive conditions. 

Let us consider the contour integral 

I" 

b 

The integrand has, in general, a branch -point at the origin, but 
each branch is a one-valued function of t, regular in any domain 
of the complex plane supposed cut along the real axis from 
—00 to 0. We choose the branch for which 

where log ^ has its principal value. 

Let Z) be a contour in the cut plane which starts at — p on 
the lower edge of the cut, goes round the origin in the positive 
sense, and returns to —p on the upper edge of the cut. This 
contour can be continuously deformed without crossing the cut, 


4111 


t Zeitschrift fur Math, u. Phys. 9 (1864), 7. 
Q 
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until it consists of the lower edge of the cut from — p to — S, 
where 0 < 8 < p, the circle |^| = 8, and then the upper edge of 
the cut from —8 to - p. This deformation does not alter the 
value of the integral. 

Now on the uj)per edge of the cut, we have t — where 
u is real and positive, and so the integrand takes there the value 


Similarly on the lowTr edge of the cut t = and tjie inte- 

grand is now \ 

Hence we have 

p 

J J e-'^u-^du +i, 

f) S 

n 

where J dd. 


But if x+iy, 

TV 

|7| ^ I" dd 27TSi-'>’e*+"H'i, 

77 

and so 1 tends to zero with 8, provided that a: < 1. We have 
thus shown that 

p 

I* = 2isin7rz J dz, 
b 0 

provided that 111(1—;:) > 0. 

Now let C denote the contour obtained from D by making 
p tend to infinity. We then have 

00 

J eft-^ dt — 2isin7r3 J e-^ur^ du = 2isin7rz r(l— 3). 

c 0 

Since r(z)r(\—z) — tt cosec 772 , it follows that 


Z) ^TTl J 


eft-^ dt. 


Although we have only proved this formula when Rl(l — 2 ) > 0, 
it does, in fact, hold for all values of 2 , by the theory of analytical 
continuation, since the expressions on each side of the equation 
are integral functions. 
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This completes the proof of Hankel’s formula, that 

r71 = f 

r(2:) 27 n J 

c 

for all values of z, where the contour C starts at the point —oo 
on the real axis, encircles the origin once in the positive sense, 
and returns to its starting-point-f 
It should be observed that we have shown incidentally that 


r(z) 


1 

2t sin ttz 


f 


di 


for all values of z, save 0, ±1, ±2,.... 
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MISCELLANEOUS EXAMPLES 

1. By integrating round the complete boundary of a quadrant 

of a circle, indented at the origin, prove that 

00 

0 

provided that 0 < RI 2 < 1. Deduce the values of 

00 00 

J «*“^cos tdtf J ^*”^sin t dt. 

0 0 

2. By integrating round a suitable closed contour, show that 

00 

J dt = ^?~*'r(z) 

0 

provided that the real parts of a and z are positive. Deduce the values of 

oo 

J (A^ sin a) dt 

0 

when A > 0, x > 0, and —\tt<ol< 

3. Show that, when x is positive, r(a;) has a single minimum value 
which occurs between 1 and 2. 

( 0 - 1 ” ) 

t We shall frequently write J for J • 

— 00 C 
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4. Show that 




■■ J (l+<)’’+®’ 


providf^d tliat tlie real parts of p and q are positive. Deduce that 

r(r)r(l — 2) -- TTCOSOCTTZ. 


5. Prove that 


J 21 c+g) 


■ (p+qy 

\r 

provided tliat the real jiarts of p and q are positive. 

6. Show that, when the real parts of p and q are positive, 


CiV-i 

J 




provided that a/b is not a real number between 0 and — 1. 

7. Prove, by using the transformation u x-\-y-^z, uv ^ y-\-z, 
umv =.“ c, or otlierwise, that, if/(0 is continuous and a, y are positive, 

0 

where the triple integral is o\er the volume bounded by the coordinate 
planes and the piano . 1-1 1/4-: J. (DmirnnET.) 

Provt?, by using the transformation xy --- i^y or otherwise, 

that, if/(0 is continuous and a and ^ are positive, 

1 1 1 






r(a)m f 
n^+p) J 


/(<)(! 


9. Show that Euler ’h constant y is given by 

*■0 r 

-/"-•-'if- 

0 1 

10 . If ^(:) denotes the derivative of logr(:), prove that 

^(2) =. -y-l+ y (i L). 

* Zw \w n-f 2/ 
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Deduce that ^ 

^(1) = _y, ^(n+1) = -y+ 

r=l 

00 

Show also that ^ 

^ ^ (n-Yzf 

»i=»0 

1 1 . Show that 

^(4) — y— 21og2, = iTT^ 

12. Prove that, when Rlz > 0, 

0 

oo 

</r(2-|-l) = i+logz— J l^coth 


Deduce that 


dt. 


13. Prove that, if Rls > 0. 

1 

‘ ^22-1 


I 


1-f-^ 


di =- ii/i(z + i)—ii/i(z). 


1 

r ^2a;~i ^av-l 

Deduce that I ----- r; dt = log 

J (l+<)log< 


r(x+i)r(},) 


■r(j/+ 4 )i»’ 

provided that the real parts of x and y are positive. 

14. Show that, if the real parts of a and b are positive, 




l~x 


dx — — 


Deduce that 


1 

J 


(a:«-i-a:*>-i)(l-a;c) ^ r(a + c)r(6) 

(l-x)\ogx ~ ^''^r(6-fc)r(a)’ 


provided that the real parts of a, b, c-}-a, b-\-c arc all positive. 

15. The logarithmic -integral function is defined by 

r dt 

= J Hi-*- 


Prove that 




-j^^du. 
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and doiluw that, when |argi| < Jtt— A < iir, 

(1 1! 2! 3! , \ 

- -h{c ') ~e +j3“ 24 +•••/• 

16. Show that, when |argz| < ^ 77 — A < Itt, 


I 


,il . a— 1 , (a— l)(a — 2) , , 

du z^e “ - H — h---/- 


(Legendre.) 


17. The error function is defined by 
Erfcz = I 


Prove that, when |arg : Itt— A < {tt, 
2z 2^z'^ 


1 I ,1.3 1.3.5 , , 

Erfcz ~c-‘' -- 52^1 + ryiiiE^“oi::r +•••(• 


18. Show that, if* 


1 ^ ” _i ’L' 4. L + !L”fl - le« 


,1 ^ 

tlien 6^= l + (uey'^^y^du — j* 


Deduce tliat, as n —> x, 


n 1 , i 1_ , 

3"^ 135/1 2835/1“= 


] 9. Prove tliat, if 


(Ramanujan, Watson.) 


then 


je-[l -If du. 


Ht'iico show tliat, as n increasi‘s from 0 to oo, (|>J^ decreases steadily 
1 to and that 

,11 1 
^’•~2+8r4+3’^'* + -- 

20. Deduce from Ex. 12 that, if \z\ is large and |argz| < ijr, then 

#fl) ~logz+ i + .. 

^ ^ '^22 iz* 62 “^ 

Hence sliow thatt 

log r(z f 1) ~ (z + Dlogz- z+ 1 log 2 , 7 + 2 • 

t Use §9.51, Ex. 2. The constant ^ log 27r is determined by using the 
dominant term of the asymptotic expansion of r(z+ 1). 
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21. Find an asymptotic expansion, valid when \z\ is large and 
R1 2 > 0, of the function 

f dt 

j ® ' V(i+0’ 

0 

Extend the range of validity of this expansion and deduce that 


OJ 


J* dt = ^(X cos z—Y sin z), 

z 

00 


J 


-- dt = ~(Xsin 2 -f- Y cos 2 ), 
y/t V 2 


where, when \z | is large and RI 2 > 0, 

1 1.3.5 , 1.3. 5. 7. 9 

'2z'~"{2zf'' ( 22 > 

(2zf^ ( 22 )* 

22. Show that, when \z\ is large and |arg 2 | Jtt— A < 


/ 


cos(t—z) 

t 


, 1 3! , 5! 


OC 

/ 


sin{l— 2 ) 


, 1 2! , 4! 

(It 


23. By integrating 7T2“*co8eC'7T«/l'(l — s), where z i.s positive, round 

the rectangle with vertices where a is positive, show 

that o + ooi 

± J 2-r(«)d« = c-. 

o— ooi 

Prove that this formula also holds when |arg 2 | Jtt— 8, where 
8 > 0. 

24. Deduce from Hankel’s contour integral that 

a+ooi 

a-ooi 

where a > 0, provided that Rlz > 0. (Laplace.) 

25. f(z) is an analytic function of c, regular in the half-plane RI 2 < c, 
where c is positive; Uj. denotes the value of the rth derivative of/(z) at 
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the origin. Show that the equation 


lU t I 

J dz 

— 00 

CO 

= 2;sina7r| {/(-<)-Oo+ai< + ••• + (-l)‘+‘|-y) 


dt 


is true, pruvided that tlie integer k lies between Rl( — of) and Rl( — a— 1). 

(Cauchy.)' 


20. Prove that, when R1 z < 0, 

r( 


I) = I + + 


dt. 


wlicre k is the integer which lies between RJ(--£:) and Rl(— 2 — 1). 

(Saalschutz.) 

' 1 

27. Sliow tliat thf' equation vr: r\ = c, where c 0, has three 

I (2-1-1) 

infinite sets of roots, wlncli behave asymptotically like 
-n{l+o(l)}, 

(To^V.i+«(i))-g;U+o(i)), 

as n —> 00 , one root of each set being associated with each large positive 
integer n. (Hardy.) 

28. Show that the inverse factorial series 


00 

Y 

Z , 2(2-1- 1)...(2 


H-n) 


converges whenevi’r is convergent, provided that z is not a 

negative integer or zero; and conversely. 

Prove also that tlie convergence of either series is uniform in a bounded 
closed rc'gion D, if it is uniform for the other, providi'd that 1) contains 
none of the points 0, — 1, — 2 ,... . (Landau.) 



CHAPTER X 

THE HYPERGEOMETRIC FUNCTIONS 


10.1. Homogeneous linear differential equations 

Before we discuss in detail the properties of several im- 
portant analytic functions defined by differential equations, it 
is desirable to consider whether there exists an analytic function 
w(z) which satisfies the homogeneous linear differential equation 


d^w , . .d^-hv , , . .dw , , . 


0 , 


where the coefficients ^1(2:), •••» Vni'^) analytic functions 

whose only singularities of finite affix are poles, and, further, 
if such a solution does exist, to ask w hat effect the singularities 
of the coefficients have on the nature of the solution. 

The simplest equation of this type 

J + = 0 


presents little difficulty. Its variables are separable, and the 

solution is i c \ 

w = exp — p(z) dz\. 

On the other hand, the equation of order two 

has no such simple solution. We restrict our attention to this 
equation for two reasons; firstly, the analysis in this case is 
easily extended to the more general case, and, secondly, the 
particular functions with which we deal in the sequel do, in 
fact, satisfy second-order equations. 

A point 2:^ is said to be an ordinary point of this differential 
equation if the functions ^>(z) and (i[z) are regular in a neigh- 
bourhood of Zq, all other points are called singular points of the 
differential equation. 

10.11. The solution near an ordinary point 

We now^ show that if is an ordinary point of the equation 
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and if and a^ are two arbitrary constants^ there exists a unique 
function w(z) which is regular and satisfies the differential equation 
in a certain neighbourhood of and which also satisfies the initial 
conditions w{z^^) = w'(zq) := a^. This theorem, which is due 
to Fuchs, t shows that the only possible singularities of the 
function defined by the differential equation are the poles of 
the coefficients 'p{z) and q{z). 

For simplicity we suppose that Zq is zero 4 Then since p{z) 
and q{z) are regular in a neighbourhood |c| < 7? of tlie origii;^, 
they are expansible as Taylor series of the form \ 

I 

= 2 Pn 2 ”. ?( 2 ) ^ 2 

0 u 


the radius of convergence of each series being not less than R. 
We now try to find a formal solution by substituting 

in the equation 


dhv 

dz^ 




q,,z^w = 0 


and equating coefficients. This gives 
- 2«2 ^ 


~2.3a3 = ''^cl^Po+a^Pl+a^qo+a^yq^, 
and, generally, 


+ ^/i-29o+^rt-3 9'l+---+Cti 3n-3 + ^0?/*-2- 

These equations determine the coefficients successively as 
linear combinations of and a^. 

We next show that this power series which satisfies the dif- 
ferential equation formally and also satisfies the given initial 
conditions, has a radius of convergence which is not less than R. 
The proof of this is rather difficult, since we know verv little 
about the coefficients p^. and 

Let us denote by 31 and N the maximum values, necessarily 


t Journal fur Math. 66 (1866), 121. See also Forsyth, Theory of Differential 
Eqiiatmns, 4 (1902), Chap. I, and Bromwich, hifinite Series (1926), 162. 

t This invol^x's no loss of generality. For, if is not zero, we make the 
transformation z' — 2 — Zq. 
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finite, of 1^(2;) I and \q{z)\ on the circle \z\ = r, where r < R. 
Then, by Cauchy’s inequality, we have 

|iJ„| < 

and so \p^\ ^ A'/r", Ig-,,! < 

where K is the greater of M and Nr. 

Writing 6^ and for and |ai| respectively, we have 

2102! < bi\po\+h\Qo\ < biK+boK/r ^ 2 biK+boKjr, 
and so lugl ^ 62 

where 262 = 2 b^K+bQK/r. 

Similarly, 

S.Slaal < 21a2||^)oH-feil/>il+til?ol+^ol3il 
< 262A'+26,A>-i+6oA:r-2 
3 b 2 K-{- 2 biKr~^-\-bQKr-^, 
and so \a^\ ^ 63 

where 2.863 = 862^+261 A>“^ +60^1 r“-. 

Proceeding in this way we find that KK 6,j, where 

{n—l)nb„ = «6„_i A'+(w— l)6„_2AV-i+...+6oA^r-«+^ 
From this equation we see that the coefficients b^^ are con- 
nected by the recurrence formula 

(«— l)n6„-(n-2)(n— = nb„_^K. 

But this gives ~ - 

^ n -1 ^ 1 ^ 

as n -> 00, so that the radius of convergence of the power series 
26 ^ 2 :" is r. Since, however, [a^J ^ b^, it follows by the com- 
parison test that the radius of convergence of a,^ cannot be 
less than r; moreover, as r was any number less than R, this 
shows that converges when \z\ < R. 

00 

The function w{z) = ^ 

0 

is, therefore, regular when |2;| < i? and satisfies the prescribed 
conditions at the origin. The formal processes of term-by-term 
differentiation, multiplication, and rearrangement of power 
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series by which this function was made to satisfy the differential 

equation are now seen to be completely justified, since all the 

series involved converge uniformly and absolutely in every 

closed domain within \z\ ~ R, This completes the proof of the 

theorem. 

Since is a linear function of and we can express the 
solution we have just found in the form w{z) = Uq 
T he function Wq(z) is a solution of the differential equation 
which satisfies the initial conditions — 1 j 

whereas Wj(z) is a solution satisfying the conditions = O'; 

1. Every solution of the differential equation regular 
in the neighbourhood of the origin is, therefore, a linear com- 
bination of the solutions Wo(z) and Wi(z), which w^e call a funda- 
mental pair of solutions. Obviously iVo(z) and Wj{z) are linearly 
independent; by this we mean that there is no linear combina- 
tion of them which is identically zero. 

So far, the functions Wq(z) and u\{z) are defined only in a 
neighbourhood of the origin. When we continue these functions 
analytically, they remain linearly indej)endent solutions of the 
differential equation. The continuation can be carried out along 
any path which does not pass through a singular point of the 
differential equation, and so the solution will ultimately be 
defined all over the 2 :-plane. In the next section we show that 
the continuation is not one-valued, by proving that a singularity 
of a diffenuitial equation is, in general, a branch-point of its 
complete solution. 


Example 1. Prove that the necessary and sufficient condition that 

the two functions /(s) and g{z) should be linearly independent is that the 

determinant a / v \ r/ v 

Mf.9)=f(z) g(z) 

l/'(2) 9'(z)\ 


should not vanish. (This determinant is called the Wronskian of the 
two functions.) 


Example 2. Show that, if Wq(z) and Wi(z) are two solutions of 
w''-\-p(z)w'-^q(z)w =-c 0, then 

d ^ 


so that 


= Cexp|— ^p(z)dz . 


Deduce that, if w^(z) and w^{z) become WJ^z) and W^(z) after analytical 
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continuation round a closed curve F, 

A(Wo,W^) 

where E is the sum of the residues of p{z) at its* poles within F. 

10.12. The nature of the solution near a regular singu- 
larity 

The point Zq is a singularity of the differential equation 
w" -\~p{z)w' -\-q{z)iv = 0 if it is a pole of one or both of the 
functions p(z) and q{z). We call it a regular singularity if it 
is not a singularity of either of the functions (z—Zq)p(z) and 
{z—z^'^q{z)\ otherwise it is called an irregular singularity. 

The reason for this distinction is simply explained. In a 
neighbourhood of a regular singularity, the differential equation 
possesses, as we shall shortly prove, two linearly independent 
solutions which are regular save possibly for a branch-point at 
the singularity. But near an irregular singularity, tlic method of 
solution by series breaks down and the singularity of the complete 
solution is of a much more complicated character. A general 
investigation of the behaviour of the complete solution near an 
irregular singularity is beyond the scope of the present book.f 
If the origin is a regular singularity of the differential equa- 
tion under consideration, the functions zp(z) and z'^q(z) are 
regular in a neighbourhood \z\ < i? of the origin and so possess 
convergent Taylor expansions of the form 

00 00 

zp{z) = 2 i’r 22 g(z) = 2 S'r 
0 0 

where the coefficients Pq, q^, and qi are not all zero. We now 
show that, in general, the equation possesses two linearly in- 
dependent solutions of the form 

w{z) = 

0 

where a is a root of a certain quadratic equation. When we 

substitute these power series in the differential equation and 

equate coefficients, we find that this expression is a formal 

solution of the equation if a and the coefficients a^ satisfy the 

conditions ^ ip/ \ a 

tto F{a) = 0, 

t See Forsyth, Theory of Differential Equations, 4 (1902), or Ince, Ordinary 
Differential Equations (1927), 417-37. 
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n — 1 

and F{(x-\-n) = - 2 (n ^ 1), 

where F{a) denotes the quadratic a(a— l)+^oa+go- 

The first equation is satisfied by choosing arbitrarily and 
making a a root of the quadratic equation F{ol) = 0. This equa- 
tion is called the wdiciol equation and its roots the exponents 
of the regular singularity under consideration. The remaining 
equations determine successively the coefficients as constan^t 
multiples of provided that F{oL-\-n) does not vanish for any 
positive integral value of n. Hence, if the indicial equation ha^ 
distinct roots which do not differ by an integer, this process 
gives two formal solutions, one corresponding to each root of 
the indicial equation. 

If, liowever, the roots of the indicial equation are equal or 
differ by an integer, we may obtain only one formal solution. We 
leave this case for the moment as it presents certain difficulties 
which do not occur in the general case. 

10.13. The convergence of the series solution near a 
regular singularity 

We have just seen that the differential equation 
w" -\-j>{zYF -{-q(z)w = 0 

<X) 

always has one formal solution w = z" valid near the 

0 

regular singularity at the origin, and that it has two such solu- 
tions when the diflierence of the exponents is not an integer or 
zero. To prove that this formal series does represent a solution 
of the equation, we have to show either that the series ^ 
teiminatcs or else thtit it has a non-zero radius of convergence. 

Let us suppose that the series docs not terminate. We show 
that if zp{z) and z:^q{z) are regular when \z\ < R, the radius of 
convergence of is not less than R. The proof is very 

similar to that of § 10.11. 

If (X is the other root of the indicial equation, the coefficients 
Uyt are given by 

n{n+ac-cc')a„ = - 

Let us write == |a„| when 0^n<S, where 8 = |a-a'| and 
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T = |a|. Then if m is the least integer greater than 8, we have 

7n(m— S)|a„J < |m(m+a— a')a^| 

m — 1 I 

8*0 « 

m — 1 

8*0 

But if M and N denote the maximum values, necessarily finite, 
of \zp{z)\ and \z-q(z)\ respectively on the circle \z\ = r, where 
r < R, Cauchy’s inequality gives 

\Pn\ < Mjr^, |g„| < Njr”' - 
and so | 2 )„| < Kjr”', Ijnl < Z/r®, 

where K is the greater of M and N. Substituting these bounds 
for \Pn\ and \q„\, we find that \a„\ < b„, where 

in{m—8)b^ = K 2 {s+T+l)bJr”'-\ 

8*0 

Similarly we can show that |a,J when n ^ m, where 

n{n—S)b^ = K j (s+T+l)6j/r”-». 

From this equation, we see that the coefficients satisfy the 
recurrence formula 

n(n—8)b^—(n—\){n—\—8)bn-tlr ^ A'(n+T)6„_i/r. 

But this gives 

A- = ( »-— 1)(^— I A(n+T) 

^n-i ~ n(n—8)r n(n—8)r' 

and so lim {bjb„_j) = 1/r. 

n—><x> 

The radius of convergence of the series ^b^z'^ is, therefore, r. 
Since, however, |n„| it follows by the comparison test 

that the radius of convergence of ^ cannot be less than r; 
moreover, as r was any number less than R, this implies that 
this series is convergent when | 2 | < iJ. 

The formal processes which made w = z^'^a^z^ a solution 
are now seen to be completely justified since all the series in- 
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volved converge uniformly and absolutely in every closed 

domain within \z\ = R. 

When the exponent-difference is not an integer or zero, we 
derive in a similar manner a second independent solution 
w — z^' 2 corresponding to the other root of the indicial 
equation. In this case at least one of the solutions has a branch- 
point at the origin. 


10.14. Solutions valid for large values of jzl ! 

To discuss the nature of the solution in the neighbourhooci^ 
of the point at infinity, we make the transformation z = 1/^. 
The differential equation 


then becomes 


d^w 

dz^ 


+P{^) 




d?w 


(if^ 


2 1 /1\1 dw . 1 /I 


S-+ hj7+:;3hh^ = 0- 


t dt ' t*^\t 


The behaviour of the solution for large values of \z\ is now 
determined by solving the transformed equation in the neigh- 
bourhood of the origin. 

Accordingly wc say that the point at infinity is an ordinary 
point if j 




1 Yi 




are regular at the origin, that is, if 

2z—z-p(z), z*q{z) 

are regular at infinity. The complete solution of the equation, 
valid in a neighbourhood of the point at infinity, is in this case 
of the form 

“o+t'+5 + -> 

z 


where are arbitrary constants. 

Again, the point ^ == 0 is a regular singularity of the trans- 
formed ecjjuation if ^^( 7 ] regular there; we say. 


therefore, that the point at infinity is a regular singularity if 
zp{z) and Z'^q^z) are regular there. In this case, p{z) and q{z) are 
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convergent in a neighbourhood \z\ > i? of the point at infinity. 

It may now be shown, just as in § 10.13, that there exist in 
this neighbourhood two linearly independent solutions 

where a and oc are the roots of the indicial equation 
— (Po— 

provided that these roots do not differ by an integer or zero. 


10.15. The solution when the exponent-difference is an 
integer or zero 

When (x~ 0 L = s, where 5 is a positive integer or zero, the 
solution of § 10.13 fails. For if s = 0, the two solutions become 
identical, whilst if 5 > 0, all the coefficients in one of the solu- 
tions from some point onwards are either infinite of indeter- 
minate. It is, however, well knownt that a knowledge of one 
solution of a linear differential equation of order n enables us 
to depress the order to n — 1. In our case, we obtain in this 
way a linear equation of the first order which can be integrated 
immediately. 

To effect this depression of order, we make, according to the 
usual rule, the change of independent variable 

w = Wq{z)v, 

where Wq{z) is the known solution of exponent a. The function 
V is found to satisfy the equation 



whose solution is 

t See, for example, Forsyth, Treatise on Differential Equations (1914), 130-3. 
.Ill B 
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where A and B are arbitrary constants. Hence the required 

second solution, valid near the origin, is 

z ( ^ \ 

viz) - J - I A 

Now QL and a — s are the roots of the indicial equation 

+ + 

SO that 7 >o -- 1+.5— 2a. Hence we have 




{«■„(=)}- 




2(\ 1 s I j I 

exp. ^ ...\ dz\ 






whore (j(U) — Since 0, the. function (ao+a, 3+ •••)'* 

is regular in a neiglihonrhood of the origin. Hence g{z) is also 
regular there and can be expanded as a convergent 'J’aylor series 
“ 2 .'7« Substituting this series for g{z), we find that the 
second solution is 



g„ 2 " dz 


\ ■ ^ s It — iS 1 

In particular, when the exponent-difference s is zero, this 
solution can be written in the form 


w ^ gQ'irQ(z)\ogz+z^^^ 2 

n = 0 

As is not zero, this solution possesses a logarithmic branch- 
point at the origin. When the exponent-difference s is a positive 
integer, the secjond solution takes the form 

00 

^ = fl'.,n(2)log2+Z“' 2 CnZ”- 

n = 0 

If it happens, as may be the case, that g^ is zero, the second 
solution does not involve a logarithmic term. 
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An alternative method of determining the second solution 
when the exponent-difference is an integer or zero is due to 
Frobenius.t 

Example 1. Determine two linearly independent solutions of the 
equation z^{z-] )w" + z( 5z -l)w' + (5z-l )w -- 0 

valid near 2 = 0. 

Example 2 . Determine two linearly independent solutions of Bessel ’s 
equation zw" -{-w' -\-zw ~ 0 

valid near the origin. 

Example 3. Provo that the equation 

z^w" -\-V) = 0 

has an irregular singularity at the origin, and show that the inetliod of 
solution by series gives only one integral of the equation valid near 
the origin. 

Example 4. Show that the equation 

zht/ -{-w 0 

has an irregular singularity at the origin, and that it is impossible to 
find a series solution valid near the origin. 


10.2. The second -order differential equation with three 
regular singularities 

If the only singularities of the differential equation 
w'' -\~p{z)iv' -^q{z)}r ^ 0 

are regular singularities at rj, and the functions 
P(z) (z — ^){z—ri){z~i)p{z), 

Q(z) ^ (z-mz-vnz-o-q(~) 


are integral functions. Moreover, since the point at infinity is 
aot a singularity of the differential equation, the functions 
2z~z^p{z) and z^q{z) are regular at infinity. This is the case if 
ind only if P{z) and Q(z) are quadratics in and the coefficient 
3f z^ in P{z) is 2. 

Accordingly we can write 


p(z) 




t Journal fur Math. 76 (1873), 214-24. See also Forsyth, Treatise on 
Differential Equations (1914), 243-58; Ince, Ordinary Differential Equations 
1927), 396-403. 
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where — 2, and 

(z-^){z-r,){z-Oq{z) = ^ + + 

here the capital letters denote constants depending on the 
exponents of the singularities. 

The indicial equation relating to the singularity | now takes 
the form k{k-l)+AJc+Dm-r,){^-0} = 0. 

If the exponents at ^ are a and a , this gives { 

A = l-a-a', D = \ 

Similarly if the exponents at i) are j8, jS' and those at are 
y, y , we have 

B = 1-^^^', E = 

and C 1 — y—y , F = {l, — ^)[l — y])yy\ 

Moreover, since A + B+C — 2, the six exponents are not arbi- 
trary, but arc connected by the relation 

a + a'4-^+^'+y+y' = 1. 

The differential equation is therefore of the form 


n — cx — OL 1 — ^ 1 — y — y') dw 

dz“ \ z — ^ z — 7] z — ^ I dz 

, + - + -^21 


X 


(z— J)(Z->|)(Z— £) 


In the notation introduced by Riemann, we express the fact 
that w is a solution of this differential equation by writing 


w = Plex y z>. 

W y J 


Example 1. A linear differential equation of the second order has 
but one singularity, a regular singularity at the origin. Show that the 
equation is zw'" -\-2\o' = 0. 


Example 2. A linear differential equation of the second order has 
but two singularities. These are a regular singularity of exponents a anc 
GL at tlio origin and a regular singularity of exponents P and j3' at infinity 
Find the equation and show that a-fa'+jS+jS' = 0, olol' = pp\ 
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ExdmplG 3. Show tha/t tho differential equation satisfied by the 
function ^ 

ff 00 ^ 

w = plot jS y 

U' / 

is 

d^w j I— oc—oc' l—y^y'\dw 
dz^ I 2 — ^ 2 — ^ 1 dz 


2 — ^ 


= 0. 


Example 4. Prove, by transforming the differential equation, that 



'0 

00 

^ ] 1 

' 0 

00 

1 

2P(1_2)0P 

OL 


y ^Up 

d+p 

P-p-g 

y-f? 


[oc' 


y' j 1 

.a'-fp 

p'-p-q 


and also that 


00 

1 ] 

1 0 

00 


P 


p 

y eUP 

a P 

y 1/(1 



r 

U' 


y' i 

.d' p' 

/ 

i 


Example 5. Prove that 




and also that 



V 

^ ] 1 

[ f 

V 

1 

a 

/3 

y zUp 

“+P 

P-p-q 

y+? 



y' J 1 

ia'+P 

P'-p-q 

y'+y 




Vi 

Cr 


q: 

i3 

y zUp 

« /3 

y 




y' j 

la' jS' 

y' 



where 2 i, are derived from 2 , rj, ^ respectively by tlie same 

homographic transformation. 


10.21. The hyper geometric equation 

If we make the homographic transformation 

, _ { z-$){-n-0 
{z—n){i-C) 

and use the results of Exx. 4, 5 of the preceding section, we 
find that 



^ 


\ 

00 

1 ^ 

p| 

a i8 

y 

2 = Pa 

i3 

r ^ 


i<x' /S' 

r 

y 

j • U' i8' 

r - 


0 00 1 
0 a+jS+y 0 t 
^a' — a a+j3'+y y' — y 


= f“(l— 
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Hence, in order to determine the properties of the solution of 
the second-order ecjuation with three regular singularities, it 
suffices to discuss the behaviour of the function 

' 0 00 1 

147 = P 0 a 0 t 

1— c b c— a— 6 


which satisfies the equation 

t(l—t)w"+{c—{a-\-b+l)t}w'—abw = 0 . j 

1 

This is called the differential equation of the hypergeomdtric 
function, or, more briefly, the hypergeometric equation. \ 

To avoid difficulties regarding the possible occurrence of 
logarithmic terms in the com{>lete solution of this equation, we 
shall su])}3ose in tiie present chapter that none of the exponent- 
differences c - 1, a ^b, a~\-b—c is an integer or zero.| 


10.22. The generalized hypergeometric equation 

If we introduce tlie operator d' = z djdz, we find that the 
hypergeomctric cciuation 

z(l — {(i-\-b-\-l)z] — — abw = 0 

takes the simple form 

l)4c = z(&-\-a)(d'-\-b)w, 

a fact which is of importance in the formal solution of the 
equation by series. 

A differential equation is said to be of generalized hyper- ' 
geometric type if it can be written in the form 

the order of this equation is equal to the greater of p and 9+1. 

10.3. The hypergeometric function 

To discuss the nature of the solution of the hypergeometric 
equation 1)m; = z{&+a)[&+b)w 

T integer exponent-differences has been discussed by 

Lindelof, Acta Soc. Scient, Fennicae, 19 (1893), No. 1, and W. L. Ferrar, Ptoc. 
Edinburgh Math. Soc. (1), 43 (1926), 39-47. 
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near the regular singularity at the origin, we substitute formally 
the series 

0 

and equate coefficients. We find that the exponent a satisfies 
the indicial equation 

a(a-l“C~l) = 0 

and that the coefficients satisfy the recurrence formula 
From the recurrence formula, we deduce that 

_ r(a+a+n)r(a+6+^).4 

r(a+l+n)r(cx+c+n) ’ 

where A is an arbitrary constant, and so we obtain two formal 
solutions 

r(a4-^)r(6+7i)^^ ^ r(a— c+l-f n)r(fc— 

Z T(c+n)n\ ’ Z r(2-c+n)n\ 

But since the two power series converge absolutely and uni- 
formly with respect to s in every closed domain within the unit 
circle, the validity of these solutions when lz| < 1 follows im- 
mediately. 

We now define the hypergeometric function F{a,b;c;z) by the 
equation 

r(o)r(!.) ^ r(o+n)r((.+») 

-Tw” “ 2 — rpq:^ S 

n — M 

when l^l < 1, and by analytical continuation when |s| > 1; it is an 
analytic function of which is certainly regular*}* when | 2 | < 1. 

In terms of this new function, the two solutions of the hyper- 
geometric equation valid near the regular singularity at the 
origin are 

F(a,b]C]z), z^-^F(l-\-a—c, 1+6— c; 2—c;z). 

Example 1 . Show that 

= F(ci.P;P;z), 

log-i— = 2F(1,1;2;2), 

1 — z 

e* = lim F(a,jS;j3;-). 

a_oo \ a/ 

f We shall see later that it has branch-points at 1 and ao. 
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Example 2. Prove that 

^F{a.b;ciz)=.-F{a+l,b+l;c+l;z). 
az c 


Example 3. Show that, when c = 1, two independent solutions of 
the hypergeometric equation, valid when \z\ < 1, are F(a,b; \;z) and 


r{a)r(6)F(a,6:l;s)Iog3+ 


r! r! 




when' 


(a-|-n-- 1 1 ??)’ 


10.31. An integral representation of F{a,h\c\z) 

The scric‘s defining tlic hyjiergeometric function can be 
written in the form 


r{a)r{b) 

r(c) 


F(a,b\C]; 


1 


-b)2. 


r(c-b) 


0 


r(a+«)B(t4-/!,c— 6)— . 

n\ 


Using the Eulerian integral of tlie first kind, we deduce that, 
when Rlr :> Rli > 0, 


r(«)r(/d 

r(c) 


F{a,b;c;z) 


1 

r(c-b) 



n\ 


it being understood that the many-valued functions under the 
sign of integration are made definite by taking 


arg< arg(l— <) = 0. 

!Now when [zj •< 1, the scries ^ T'{a-\-n)z'^t'‘/n\ converges uni- 
formly with respect to t over the whole range of integration, 
and so we can invert the order of integration and summation 
to obtain 


r(a)r(i) 




^^nc-b) nl 


r(o) 

r(c-ir) 


I di, 



THE HYPERGEOMETRIC FUNCTIONS 249 

where has its principal value. We have thus shown 

that, when |2| < 1 and Rlc > R16 > 0, 

r(fc)r(c~6) ^ 


r(c) 


F{a,b\c\z) = J dL 


The integral on the right-hand side of this equation is, how- 
ever, uniformly convergent in any closed domain of the s-plane, 
supposed cut along the real axis from 1 to +oo, and so repre- 
sents an analytic function, regular in the cut plane. Hence this 
integral representation of F{a,b\c\z) provides the analytical 
continuation of the hj^pergeometric function in the case when 
Rlc > R16 > 0. 


If we had used Pochhammer’s double-circuit integral for the 
Beta function (see § 9.3) instead of the Eulerian integral, we 
should have obtained a double-circuit integral for F{a,b\c\z), 
valid in the cut plane, without any restrictions on the para- 
meters 6 and c. For the details of this, we refer the reader to 
Pochhammer’s memoir already cited. 


10.32. The value of F(a,6;c; 1) when Rl(c— a— 6) > 0. 

Since r(a+n)/r{n) ^ n" when n is large and positive, f we 
have 


r(a4-^0F(^^+^) 

r(c-f-7l) 7l\ TV 


1 


Hence the hypergeometric series F[a,b\c\\) converges if and 
only if Rl(c— a— 6) > 0. When this condition is satisfied, it 
follows from Abel’s theorem on the continuity of power series J 

F{a,b\c\\) = lim F[a,b\c\x). 

If, in addition, the condition Rlc > R16 > 0 is satisfied, we 
deduce from the integral formula of § 10.31 that 

1 

F{a,b;c] 1) 


r(6)r(c 




r(c) 


r(6)r(c 


_ r(c)r(c— a— 6) 
r(c— a)r(c— 6)‘ 

t See § 0.22, £x. 4. 




dt 


t § 6.22, Ex. 1. 
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The additional restrictions on the real parts of b and c are, 
however, (piite unnecessary for the truth of this result, and only 
arise on account of the ]>articular method of proof adopted. 
Although the nistrictions can be removed by an appeal to the 
j)rinciple of analytical continuation, it is simpler to give a direct 
proof, as follows. 

If we write 

OC. CO 

F(a,l)-,c\z) F{a,b;c+l'<z) = I 

\ 

it is easily verified tliat \ 

c(c-a—b)A„ (c-a)(c—b)/i„Ac?iA„—c(n+l)A„+i, \ 

from which it follows that 


c(c-a-b)^A„ == (c-a)(f--b)T JJ,—c(N j-l)A,^,,.j. 

U 0 

But since (N-i-l)A y^i ^ this equation gives 


F(a, h\c\ 1) — 


(c-a)(c-b) ,, 


F{a,b;c-\- 1 ; 1 ), 


(•(c—a—b) 

provided that Rl(e— a — 6) >0. From this w^e easily deduce that 


r(c-a)r(f-6) 


r(c~|-m— a)r(c-f-'//i“-6) 


F{a,b;c+7n; 1) 


r(c-f-^/0r(c+m-— a-~6) 

for every positive integral value of in, and hence 

Let us noAv write 

F(a,b]c+m;z) = 1+2 
1 

Then, since ~ iific-a-b+m+i when ii is large, we can find , 
integer N, independent of in, such that, when n > N, 


< 


r^^K+m+l ^ y^/c+1 ’ 

w+ere k Rl(c— ar—b). Hence w^e have 


2 1 
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whei'e K is independent of m. Since, for every fixed value of n, 

00 

tends to zero as m -> oo, this inequality implies that 2 Gn 

* 1 

also tends to zero and hence that 


Urn F(a,b;c-\-7n;l) = 1. 

7/1— >CX) 


This completes the proof that the equation 
F(a 6 c- 1) — 

is true when the real part of c— a— 6 is positive. 


10.33. The analytical continuation of F(a,h\c\z) 

If we put z = 1 — < in the hypergeometric ccjuation satisfied 
by F{a,b\c;z), we find that 

t(i—t)'^-^^^-\-{(i+a+b—c)—(a+b+l)t}^—abw = 0 , 

which is also of hypergeometric type. From this it fallows that 
the hypergeometric equation has two linearly independent solu- 

jr(a,6;l+a+6-c;l-z), 
(l—zy-^-^F(c—a,c—b; 1+c—a—b; l—z) 

valid when |1— 2:| < 1. We make the second solution definite 
by giving to (1— its princijial value. 

The region in which these two solutions are defined has an 
area in common with the region < 1 in which F{a,b\c\z) 
was defined. In this common area, the three solutions must be 
connected by a linear relation 

F(a,b;c\z) ~ AF(a,b; l+a+b—c; 1—2)+ 

-\-B{l—zy~^-^F{c—ajC—b; 1+c— a— 6; 1— 2 ). 

To determine the constants A and Bj we suppose that 
Rl(a+6) < Rlc < 1, so that the three series 

F(aMc\ 1), F(a,6; l+a+6— c; 1), 

F{c—a,c—b; 1+c— a— 6; 1) 

are convergent. 

If we make 2 tend to 1 along the real axis, we find that 
F{a,b;c; 1) = A. 
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Similarlj', making z tend to zero, we have 

I == AF{a,b; l+a+i— c; l)->rBF(c—a,c—b', l+c— a— 6; 1). 
By § 10.32, the first equation gives 

_ r(c )r(c-a-6) 
r(c-a)r(c-6)‘ 

The second equation now becomes 

ric)r(l-r)r{c-a-b)n\+a+b-c) i 

r(c -a)r( 1 + fl - c)'r(c - ^ 

r(i-c)r(i+c-a-i) \ 

^ r(i-6)r(i-a) 

from which it is not difficult to deducef that 
„ _ r(c)r(a+ft— c) 

■ i»r(6) 

We have thus proved that the relation 

(l-z)<-“-‘’J’(c-a,c-f); l+c-a-6; 1-z) 

holds when | 2 ;|< 1 , |1— z|<l, provided that 
Rl(a-j-6) < Rlc < 1. 

This restriction on the parameters a, 6, c is not necessary for 
the truth of this result, and arises as a result of the method of 
proof adopted. An alternative proof, valid for all values of the 
parameters, will be found in Barnes’s memoir cited below. 

The importance of the result lies in the fact that it provides 
the analytical continuation of F{a,b\c\z) into the region 
11—^1 < 1 and shows that this function has a branch-point at 
2=1. 

10.4. Barnes's contour integral for F(a,b\c\z) 

Banies,J following Pincherle§ and Mellin,|| has represented 
the hypergeometric function by means of a contour integral 

t By using the formula r( 2 )r(l — s) tt cosec ttz, 
j Froc. London Math. Soc. (2), 6 (1908), 141-77. 

§ Atti d. R. Accademia dei Lined, Rendiconti (4), 4 (1888), 694-700, 792-9. 

II Acta Soc. Scient. Fennicae, 20 (1895), No. 7. 
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whose integrand involves Gamma functions, A particular case 
of Barnes’s formula is 


(7+ QOt 


— r -^{—z^ds = l+z+z^+..., 
2-ni J sin ns 


valid when | 2 | < 1, |arg(— 2 )| < n, the path of integration 
being the straight line Rls — o, where — 1 < ct < 0; this has 
already been given as an exercise for the reader.f 

Now if ^ denotes the operator z djdz, we have formally 


r{a)r(b) 


F{a,b\c\z) 


r(a+.?)r(ft+i?) 

r(c+>)r(i+^‘) 


(1+2 + 2- + ...) 


2_ r(fl!+i?)r(6+i?) 

Ini r(c 

a+ ' 


a -I- 00? 


2ni r(c+i?)r(l+i^) 

o QCl 

a+ ooi 

r(a+s)r(6+«) n 


r(c+s)r(l+.s) sinTTS 


f ~-(-zyds 
J sin ns 

(— 2 )* ds 


j_ ”7 r{a+s)r(b+s)r{^ 

2ni J r(c+s) ■ 1 -J ^ 

o- ooi 

This is Barnes’s contour integral for F(a,b;c]z). 

Let us consider, then, the integral 


j_ f r(a+s)r(b+s)r(-s) 

2ni J T{c+5) ^ 

— ooi 

in the case when \z I < 1, |arg(-2)l TT— e, where e is an 
arbitrary positive number. The path of integration is the 
imaginary axis, modified, if necessary, by loops to make the 
poles of r(—s) lie to tlie right of the path and those of 
r(a+j)r(A+.s) to its left; this is always possible, provided that 
neither a nor 6 is a negative integer. J We suppose, as before, 
that none of the exponent-differences c— 1, a— 6, a+6— c is an 
integer or zcro.§ 

This integral may be evaluated by Cauchy’s theory of resi- 

t Replace by — z, z by — in Ex. 18 on page 153. 

t The case when a or 6 is a negative integer is unimportant, since F{a, b;c;z) 
is then a polynomial. 

§ Barnes’s foi*mula does, in fact, provide a solution of the hyporgeometric 
equation when this condition is not satisfied. 
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dues. Let C denote the closed contour formed by three sides 
of the reetangle whose vertices arc N-\-l±iN, together 

witl\ the portion of the path of integration from iN to —iN. 
We take N to be an integer, greater tlian |Ima| and |Im6|, so 
that no poles of the integrand lie on C. We then have 
r(a+.s‘)r(/>+6-)r(— 5) . 




r(c+s) 


'{—zy (Is 


f - r(a+5)r(64-5)r(— s) . . 

sum of residues of — ^ {^'^) fnp 


and so 


])olcs within C 

= _ V na+w)r(& + n)_„ 

r(c4'w)r(i+wy 


r(c-(-s) 


V ~ 0 


J A 

^.1 

- luV 


L(^+^s’)r(/;-|~.s‘)r( — s) 


(— ds 


/ - / 

i-j.v xN 


r(c+«) 

__ Y n^+ro n^j+ w) z” _j 

2-, r(f^+7?,) w! 277^ 

where J denotes the integral along the remainder of C. We shall 
now show tliai J tends to zero as N oo. 

We find it convenient to write 

AMi+iiV lAT-fY-fJ 

•'“ / 

-T.V 

say, 

and to consider J.y, J.^ separately. 

Now, when l^f| is large and |arg. 9 | 

r(<x -f-6*) r(/> 

r(c+.v)r(i+.s) 

where ^ c— 1, and so 

r(o+,)r(i-M) "" 

Hence, in we have 

jr(rt+s)r(64-_s) 

|r{c+5)r(i+s)P^^ ’ 

where ^ is a constant, independent of N . 
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But in s = G—iN, so that, when N is large, 

277 


\r(-s)r(i+s)\ = 


< 4776“^"^", 


|g77(A^+ai) g-7r(A"+(7i)| 

|(-2)a| = |2;|agJVarK(-s) |.|ag(:r-e)N 

These inequalities give immediately 

AT + i 

1-41 < 47rJ[iV“e-'^'v J < 2(2iV+l)7T^A"“e-'*'', 

0 

since \z\ < 1; this implies that tends to zero as N tends to 
infinity. In a similar manner we prove that tends to zero. 

In Jo, however, we have s ^ N+h+it, where —N^ts^Ny 
and so 

|r(-s)r(l+s)| = -- J < 27re-'^ 

Ism 7r(N +2 + ^01 I cosh TTt 1 


and 

It follows that 


\{—zY\ = 

N 


IJ 2 I < 27r^A''“|2p'’+l J (it 


-N 

N 


< 27r^iV’“|2|^'+^ J 


-N 


i 


< 4:7 tAN^\z\^-^^/€. 

But since |2:| < 1, this implies that Jo tends to zero as N tends 
to infinity. 

We have thus shown that 

Ni 

II 


r(a+5)r(6+5)r(— 


-Ni 


r(o+6-) 


_ Y r(CT+n)r(ft+7i) ^ Q 

^ r(c+ri) n\ 

as iV -> 00, so thatjf when |2|< 1 and |arg(— z)| < tt, 

— cot 

t That the integral on the right-hand side actually converges and is not 
a Cauchy princijial value, will be easily proved by the reader. 
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Finally, we show that the integral 

_L r .9) , 

2TTi J r(r-|-5) 

represents an analytic function, regular in the z-plane supposed 
cut along the real axis from 0 to 00 , and so provides the analytical 
confinvaiionof r(a)rih) , 

all over this cut p)lane. 

For in any closed region of the cut plane, there hold^ an 
inequality |arg(— ;3)| tt— whore € is a positive constant. 
It easily follows that, if s — it where f is real and |^ | large, then 

r(a4~5)r(i-i-.‘»‘)r(--5) ^ 

r(c+sr 

where K is independent of :: and t. This imy)lies that Barnes’s 
integral converges uniformly in the closed region and so repre- 
sents a regular analytic function. As the value of the integral 
has been shown to be r(r;)r(/>)F(^/, ::)/r(c) when \z\ < 1, 
the result stated follows immediately. 

10.41. The behaviour of F(a,h\c\z) near the point at 
infinity 

J^y an argument similar to that of § 10.4, it can be shown 
without much difficulty that, if m is a j)ositive integer, 

_L f r(a-f-5)r(6+.s)r(— cs) _^Yds 
27^^ J r(t'+5) 

~ r/j + 

_L. r + 

'Ztti j 1 (c+s) 

+ 2 (r^^^^idue at s — — a— ??)+ ^ (residue at s = —b — n), 

n---0 ti^O 

where p and q are integers, not exceeding m, which tend to 
infinity with m. The path of integration in the second integral 
is obtained by translating that of the first integral a distance m 
to the left. If a or b is a positive integer, the new contour is 



THE HYPERGEOMETRIC FUNCTIONS 267 

indented so that the pole, which would otherwise lie on it, lies 
to its left. 

Now the residue at « = —a—n is 


/ ixn r'(«+w)r(6-a-«) 

r(i+n)r(c— o— m) 




= (—2)-“ n «+w)r(l+o— c+w ) 8in7r(a +n— c) 
r(i-f n)r(l+a— 6+ra) sin7T(a+n— 6) 

^ sin7r(a— c) „ r(a+TC)r(l+a-c+w) 

sin7r(a— 6)' r( 14 -«)r(l+a— 6 +») ’ 

where, as usual, |arg(— 2 )| < it. A similaj result holds at 
8 = — 6 — n. 

Hence we have 


r(a)r(6) 

r(c) 


F{a,b\C‘,z)—l 


sin?r(a— c) / ^ r'(a+7t)r(I+a— c+n) z-" 

8in7r(a— 6)' 2 ^ r(l+a— 6+ri) n! 

n= 0 


where 

I 


8injff(^c) /_ x_6 r(6+»)r(l+6-c +w) ^ 

' sin7r(6— a)^ 2^ r(l+fr— «+») «-! ’ 

n=*=0 


~m+ooi 


= -■ f 

2Trt J 


r(a+«)r(6+a)r(— «) 


(— 2 )* ds 


2771 J r(c — 


r(c+5) 

r{a—m+s)r{b—m+s) tt 


■(—zY ds 


-m-{-s)r(l—ni+s) sin 77.5 

— QOi 

= say. 

But when |arg(— z)| ^ 77—6 where € > 0, J is a bounded func- 
tion of m and z\ hence / -> 0 as m -> 00 provided that | 2 | > 1. 

We have thus shown that, when z lies in the part of the cut 
plane for which |2| > 1, 

r(a)r(6) 


r(c) 


■ F(a,b;c,z) 


r(a)r(b-a) 

r(c— o) 

, r(6)r(o-6) 


(—z)-'^F{a, l+a—c;l+a—b-,z-^)+ 

(—z)-*F(b, 1+6— c; 1+6— o;z“^). 


r(c-6) 


4111 
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This equation provides the analytical continuation of F{a,b\ c; z) 
outside its circle of convergence and shows that the function 
so defined possesses a branch -point at infinity. 

We have now proved that the function F[cbsb\c\z) defined 
by the power series 

r(c) Y n(i+n)r(b+n) 
r(a)r(b) Z r(c+n) n\ 

when l^l < 1, and defined by analytical continuation \ when 
\z\ ^ 1, is a one-valued analytic function, regular in the Whole 
plane supposed cut along the real axis from 1 to + 00 . ^ 

10.5. The relations between contiguous hypergeometric 
functions 

Let us denote by P{z) a solution of a second-order linear 
differential equation with three regular singularities. If A and 
fi are any two exponents of this differential equation, the func- 
tion Pa+i,/x-i( 2)> obtained by replacing A and /x in P(z) by A+1 
and /X— 1 respectively, is said to be contiguous to P(z). Since 
P{z) has two exponents at each of its singularities, there are 
thirty functions contiguous to P(z), Riemannf proved that the 
function P{z) and any two functions contiguous to it are con- 
nected by a linear relation whose coefficients are polynomials 
in z. The recurrence formulae satisfied by the Legendre func- 
tions are particular cases of this general theorem. 

Now if we transform P(z) and its contiguous functions to the 
hypergeometric form 

^ 0 00 1 

P 0 a 0 z\ 

^1— c h c—a—b 

as in § 10.21, we find that Riemann’s theorem is a consequence 
of an earlier one due to Gauss. According to Gauss, the function 
F(a\b*\&\z) is contiguous to F{a,b\c;z) if it is obtained by 
increasing or decreasing one and only one of the parameters 
a, 6, c by unity. There are, then, six hypergcometric functions 
contiguous to F{a,b;c;z), and these may be conveniently 
denoted by F^^, Fi^_, Fc+, F^_ in an obvious notation. 

t Abh, d. Qea. d, Wias, zu Odttingen {Math. Klasae), 7 (1857), 1-24. 
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Gaussf showed that, between F{a,h\c\z) and any two hyper - 
geometric functions contiguous to it, there exists a linear relation 
with polynomial coefficients. There will then be fifteen such linear 
relations. 

The simplest method of proof consists in determining the 
required linear relation when |z| < 1 from the series definition 
of the hjrpergeometric function, and deducing the result in 
general by analytical continuation. 

For example. 


{a-b) 


r(o)r(6) 

m 


F{a,b\c\z) 


= {a—b) V r(ffl4-«)r(6+n) ^ 

^0 F(c+w) n\ 

2 r(a+n+l)r(6+n)z" 

Ffc+w) n! ^ 


r(a+n)r(6+n+l) z”- 


r(a)r(6) 
- r(c) 


r(c+M.) 


ni 


Thus the equation 


{a—b)F = aF^^—bF^^. 


holds when \z\ < 1, and hence generally. 


10.6. The generalized hypergeometric function 

If we attempt to solve the generalized hypergeometric equa- 
tion 

1)(^+P2— l)--(^+Pa— !)«' 

= 2(^-l-ai)(^+at2)...(^-l-Q£p)to 

C30 

by a series of the form zy 2 

n=0 

^ ^ jjy V ^(y+°‘i+”)ny+«2+»)— r(y-t-otp-fTO) 2" 

^y+Pl+n)^{y+p2+n)...^(y+p,J+n) Fiy+l+n) 

provides a formal solution when y is a root of the equation 

y(y+Pi— i)(y+P 2 ~i)-(v+/>a— 1) = o. 

Apart from the case when the series terminates and so repre- 
sents a polynomial multiplied by 2 ^, this formal series solution 
will be valid only within its circle of convergence. Now the 

t Oes, Werke, 3, 130. 
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radius of convergence of the series is 0, 1, or oo according as 
JO— 1 >, =, or < g. If p— 1 > g, the formal solution breaks 
down completely. When p— 1 ^ g, we obtain g+1 solutions, 
provided that none of tluj coefficients becomes infinite or indeter- 
minate. If p—\ < g, each solution is an integral function, 
multiplied, possibly, by a power of z, and so is valid all over 
the 2 -planc. But when p—\ = g, the series solutions are valid 
only within the circle | 2 :| — 1 and must be defined outsidfe this 
circle by analytical continuation. 

The solution of exponent zero at the origin is usually demoted 
by Pi’ ^here 

r(ajr(ao)...r(^Y,,) . 


r(pi+n)r(p^+n)...r(p,j+n) nV 

In this notation, the ordinary hypergeometric function is 
^f\(a,b;c]z). 

In dealing with asymptotic expansions we shall find it con- 
venient to use this notation when p— 1 > g, even though the 
series diverges. 


10 . 61 . The function ^F^(a]p;z) 

The function ^t\{a;p\z) satisfies the differential equation 
&{&~\-p—l)w — 

If we write this in the form 


dhv , , .dw 


wc see that it has an irregular singularity at infinity and a 
regular singularity of exponents 0 and l—p at the origin. When 
p is not an integer, two linearly independent solutions of this 
equation are ^i\{a\p\z) and z^~P^F^{oL—p-\-l\2—p\z)\ these are 
valid all over the 2 -plane, since ^F^ is an integral function. 

It is easily shown that 

iFj,{(x;p;z) = lim^>,^;p;2/j3), 

P-*OD 

SO that the irregular singularity at infinity arises from the *con- 
fluence’ of the singularities at j3 and infinity of the equation 
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satisfied by F(oc, j8; p\z/P), Many of the properties of p; s), 
which is usually called a confluent hypergeometric function, can 
be obtained by this limiting process, though a rigorous proof is 
often difficult. But since a direct proof by the methods of this 
chapter is generally quite straightforward, the most important 
formulae and certain deductions from them are given as exer- 
cises for the reader. 

Example 1. Prove that, when Rla > 0 and Rl(p — a) > 0, 

1 

T((x)T{p~oL)it\((x;p;z) = ^ (p) J dt, 

0 

where and have their principal values. 

Example 2. Prove, by a transformation of the differential equation 
or otherwise, that 

iFi(oL;p;z) = e\F^{p~(x;p; —z), 

provided that p is not a negative integ(jr or zcTO.f (Kuihmer’sJ: first 
transformation. ) 


Example 3. Show that the function w 
tion 


d^w , dw 


Hence show that 


oFi{p;z) satisfies the eqiia- 
0 . 


,F,(oc;2ol;2z) -= 1; Iz^). 


provided that 2a is not a negative integcT or zc^ro. (Kummer’s second 
transformation . ) 


Example 4. Prove that, when |arg( < 
integer or zero, 




r(p) r ]'(«+«) 

27ri J T{p-\-ii) 


Jtt and a is not a negative 


r(— 6‘)(— 2)* 


— oui 

where the path of intc'gration is the imaginary axis, modified, if neces- 
sary, by loops to make the negative; [k>1(‘s he to its left and the positive 
ones to its right. § (Barnes.) 


Example 5. Show that, when |argz| < Jtt, 

r(n— ds. 

Deduce Kummer’s first transformation. (Barnes.) 


out 


t For a discussion of the case when /> is a negative integer, see Watson, 
Bessel Functions (1922), § 4.42. { Journal fur Math, 15 (1836), 138-41. 

§ In proving this result, it is necessary to use the asymptotic formula of 
§ 9.55. 
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Example 6. Prove that, when |argz| < fn- and p is not an integer. 


ooi 

i J r(-«)r(i-p-s)r(a+s)**ds 

— ooi 

- T(l--p)T{a),F^(a;p;z) + T{p-l)T(l+oL-p)z^-P^F,(l+oi-p;2-p;z) 
provided that the right-hand side exists. The contour is the imaginary 
axis, modified, if necessary, by loops to make the positive poles lie to 

its right and the negative polos to its left. (Babnes.) j 

i 

\ 

10.62. An asymptotic expansion 

It is possible to obtain an asymptotic expansion of z) 

when l^l is large and Rlz 0 by applying the method of § 10.41 
to the integral 



and then deducing the corresponding expansion when Rla: > 0 
by the aid of Rummer’s first transformation. If, however, we 
use the result of Ex. 6 of the previous section, namely that, 
when iarg 2 | ^ f7r— e < ^tt, 


ooi 

i / n-sw^i 

— ooi 


— p— s)r(a+5)z* ds 


- r{i-p)r{ccMoc-,p-,z)+ 

+r(p-i)r(i+a-p)z^-p,F,{i+oc-^ 

we can determine the required asymptotic expansion over a 
much wider range of values of argz. 

Let us consider,! then, the integral 

■^ = ^ J r(— s)r(i— p— s)r{o(+s)2*<fe, 

C 

where C is the rectangle with vertices at iilf, —K-\-iM, 
—K—iN, —iN, modified in the following manner. In the first 
place, the right-hand side of the contour is provided with loops, 
if necessary, so that the positive poles of the integrand lie to 
its right and the negative ones to its left. Secondly, we take 


t The analysis which follows is a slightly modified form of the work of 
Barnes, Cambridge Phil. Trans. 20 (1904-8), 259-61. 
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Jf— Rla = m, a positive integer, and indent the left-hand side 
so that the pole — a — tw lies within the contour. 

By Cauchy’s theory of residues, we have 

I == sum of residues of integrand at poles — a -w within C 

_ ^ r(a+7i)r(l + a-p+n)^_]j» 


If we can show that the integrals along the sides parallel to the 
real axis tend to zero as M and N tend to infinity, it will 
follow that 


CCJ, 

^ J r(-6')r(i-p-s)r(a+a)2*(is 

— ooi 

2-a 2 r'(a+?^)r(l+a— p+w)| Ij” 


+ 


rt-0 


— jBT+ooi 


+-^. f r(— s)r(i— p— s)r(a-f s)2® fZs. 

2iti j 


-K— ooi 


Now on the upper side of the rectangle C, we have s -= 
where — iC < a 0. K being kept fixed, it follows from the 
formula of § 9.55 tliat, if M is largo and s lies on this side of C, 
then 


ir(— «)r(i— p— s)r(a+s)3''i 

since |arg 2 :| c;,' \tt—€ < |7r. Hence the absolute value of the 
integral along the upper side of C does not exceed 

0 

^jl/iu<a-p-i/2)e-tj/ J \zlM\°da, 

-K 

where A is independent of M and z. As this expression 
evidently tends to zero as Jkf oo, so also does the integral 
along the ui)per side of C. In a similar way it can be shown 
that the integral along the lower side of C tends to zero as 
A -> 00. 
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We have thus proved that, when |argz| < fw, 

ooi 

J r{- 8 )r{i-p-s)r(ac+s)z‘ds 

— 031 

_ —a V r(oi+»)r(i+a— p+n) 
_2 2 n\{-z)« 


where 


n — O 


-a — m+ooi 


0yOL-\-m 

J = - . 

/ 

27 ^^ 


-ot- m- - 00 1 

1 

ooi 

J r(fx+m- 

27Ti , 


r(— 5)r(i— p— s)r(a+5)2* ds 


= 0 ( 1 ) . 

when \z\ is large. Hence we see that 


r(a)r(l— p),J'j(a;p; 2 ) + 

+ r(l + a-p)r(p-l)zi-Pjil(H-a-p;2-p;s) 


~ r(Qt)r(l+o(— p)z-“ 2 J^,|a, l+a— p; — 

the series on the right-hand side being an asymptotic expan- 
sion valid when |2| is large and |argz| < fw; for the error caused 
by terminatmg the series at the mth term is 


which is of the order of the first term omitted. 


10.63. The asymptotic expansion of ^F^(oL;p]z) 

If we write 

r(a)r(i-p)iif;(«;p;z) = p, 

r( 14 -a— p)r(p— p; 2 — p;z) = Q, 

r(a)r(l-f-a— p) 22 'o(a, 1-1-ot— p; — z-i) = B, 
the result of the previous section is that, when |arg2| < |rr, 
P+z^-pQ ^ z-“B 

for large values of |2|. In particular, this holds when 

Jn- < arg z ^ n. 
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But when iir < argz ^ -n, we have — fw < arg( 2 c-®"‘) < —it, 
and so this asymptotic formula holds when z is replaced by 
2 g- 2 w£ This gives 

P _J_ gl -p^- 27 rUl-p)Q 


since P, Q, R are unaltered. EUminating Q, we find that 

PsiniTp ~ c’'“‘z~“i2 sin 7r(p — a). 

In a similar manner it can be shown that, when 
— 7T < argz < — |ff, 

PsinTT/a ~ e~"“‘2"“iJ8in77'(jO— a) 

for large values of | 2 |. These two results can be combined into 
the single formula 

Psimrp ~ (— z)”“i? sin 7r(/9— a) 

valid when RIz < 0, provided that(— 2 )~“hasits principal value. 
We have thus proved that, when Rlz < 0, 

iFi{<x;p;z) I (— z)-“2P(,(a, 1+a— />; 

1 (p—oc) 

From this we deduce, by Kummer’s first transformation (§ 10.61, 
Ex. 2), that when Rlz > 0, 

iFi(a;p;z) l-a;z-i), 

provided that 2 ^-“ has its principal value. 
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MISCELLANEOUS EXAMPLES 

1. Show that the hypergeometric series F(a,b;c; —1) is convergent 
when Rl(H-c— a— 6) > 0. 

Prove that, when R16 < 1, 

2. Prove that, when z is not a negative integer or zero, 

T(z)T(i) __ Y (2n)l 1 

r(z+J) ^ 22”n!n! s+n’ 


3. Denoting by [z]“ the ratio r(l+ 2 )/r(l + z — a), show thatl^ if 
Rl(2+/t+l) > 0, 

[z+hr = 

where Cq, 6\, Ca*-** ^he coefficients in the expansion of (1+A)“ in 
powers of h. 

4. Show that, when R1 z > 0, 

r(2)Vz 


r(s+i) 




1».3* 


: + - 




: + 




4(2+1) ‘ 4.8.(z+1)(2 + 2) • 4.8.12.(z+1)(2 + 2)(2 + 3) 

5. If the two sums 

|ai+02+...+a„|, KI+ |®2l + -*+ l®nl 
both tend to infinity with n in such a way that 

KI+ 1«^2| + --+ |«nl < -KK + a 2 +*-- + ttn|» 

where K is independent of n, prove that 

linx ^ h, 

,j_^ooai+a2 + ...+a„ Tr->ooO„ 

provided that the right-hand limit exists. (Jensen.) 

6. Provo that o„ = r(a+n)/n! satisfies the conditions of Ex. 5 only 
when R1 a > 0 or when a = 0. 

Deduce that, if denotes the sum of tlie first n terms of the series 
F(a,b;c; 1), then 

r(c)n«+*-® 


r(a)r(6)(a+6-c) 


when Rl(c— a— 6) < 0, and 

^ . r(a+6) 
" r(a)r(6) 

when c = 0+6. (M. J. M. Hiix.t) 


logn 


t Proc. London Math. Soc. (2), 5 (1907), 336; 6 (1908), 339. The proof 
indicated in this exercise is a modification of one due to Bromwich, ibid. 
7 (1909), 101. 
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7. If the series 2 2 converge when \z\ < 1, and if, more- 

over, the coefficients a„ satisfy the conditions that (i) 2 divergent, 
(ii) 2 I 2 when 0 < x < 1, the constant K being in- 

dependent of X, prove that 


lim 

a^l-O 


2 On*" 


= lim 


provided that the right-hand limit exists."]" 


8. Show that, if Rl(c— a— 6) < 0, 


Prove also that 


. F(a^b\c\x) _ r(c)r(a+6— c) 

0 “ r(a)r(6) 

F(a,h-,a+b-,x) ^ r(a+fc) 
*Ji_o log[l/(l-x)]' r(a)r(6)- 


(Gauss.) 


9. Show that, when Rl(c— a— 6) < 0, 

lim \F(afh\c;x) — 
a>->-l-0 L 

T( i>n r(o+&-c-n)r(c-a+n)r(c-6+n)r(c) J 

’ n! r(c-o)r(c-6)r(o)r(6) ' ' J 

_ r(c— a— 6)r(c) 

“ r(c-a)r(c-6)’ 

k being the integer such that k < Rl(a4-i5)--c) < k-\-\. (Habdy.) 


10. Determine the fifteen relations with polynomial coefficients which 
connect F(a,b;c;z) with a pair of contiguous hypergeometric functions. 

(Gauss.) 

11. Show that the complete solution, valid when |z — J| < of the 

equation , 

^ d^w « dw « 

is 

w = AF{ioc,ip;i;{l-2z)^}+Bi\-2z)F{i{a+\),l{P+l);h[l-2zn 

where A and B are arbitrary constants. 


12. Show that, if Rl(o— 6) > 0, 


r{c+A-6) 

r(c+A) 


00 

F{a,b;c+\;z) ^ ^ 
u 


k,T(b+s) 

'T{b)M+b 


when |A| is large and |argA| < in, the coefficients kg being defined by 


GO 


2 

s»0 


kg7^+^-^ = 


( 1 _ e“T)b-ie-T(c-6)( 1 -2 4-26-^)-®. 


t For an account of this and other generalizations of a well-known theorem 
of Ces&ro, see Pringsheim, Acta Math, 28 (1904), 1. 
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Show also that the asymptotic expansion is valid when |argA| < tt— S, 

where 8 > 0, provided that |1— < 1. ( Watson. t) 

13. Deduce from Ex. 12, the asymptotic expansion of 
F{a -J-A, b -j-A; c -|-A; z). 


14.t Show that, when \z\ < 1, 

00 00 

r(o)r(6)J’(a,6;i;2) J J c-“-<’cosh2V(Mi«)M“-V-‘ dudv, | 


u u 


provided that tlu; real parts of a and b are positive. (Whittaker. )\ 

I 

15. Provo that, when |arg7i| < tt— 8, where 8 > 0, ' 


r(a)r(6) 


r(c) 


F{a,b;c;z — h) 


001 

: i r ^ F{a +8,b+s;c+s;z)h‘ds, 

‘■iTTl J 1 (c + «) 


— OOi 

provided that |arg(l— z)| < 8. (Whittaker.) 

16. Show that, when 0 < Rl^ < Rio < R16, 
T{8)T(a-s)T(b-») , 

r(c-V 

r(a)r(6) 


r(c) 


UU 

J F{a,b;c;z — i)t^-^ dt. (Whittaker.) 


17. Show that, if 

(l_2)aiJ>-fir(2a,25;2c;z) = f 


then 


F(a.b;c+i;z)F(c-a.c-b,c + i;z) = J r(?+n+ 7)^"- 

0 

18. The Incomplete Gamma Function is defined, when the real part 
of V is positive, by the equation 

z 

y{v, 2) — J dt. 


Show that 


vy(vyZ) — z^ ^F^(v\v^\\ —z). 


t Cambridge Phil. Trans. 22 (1912-23), 277—308. In this paper, Watson 
determines the asymptotic expansion of ^(a+CiA, fc + c^A; c-\-€^X;z)y where 
«i. C 2 * ^3 take the values 0, 1, or — 1 for large values of |A|. 

J The results contained in Exx. 14, 15, 16 wore obtained by E. T. Whittaker 
by applying contact transformations to the solution of differential equations 
by de&iite integrals: Proc. Edinburgh Math. Soc. ^2), 2 (1931), 189-204. 
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19. Prove that the Error Function 
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Erf 2 = J exp (— dt 


is equal to — 2 *). 

20. The generalized Laguerro polynomialj L\^\z) is defined by the 


equation 




n!r(ct+l) 

n being a positive integer or zero. Prove that 
(i ) 4: (e-* 2 "+“). 


n ! dz ^ ' 


(Of) 


21. Show that, when |^| < 1, 

0 

22. Prove that the integral 

0 

J 6-^x^V‘\x)P^\x) dx 

converges when Rla > —1 and that it has the value r(a+n+l)/n! or 
zero according as the integers m and n are equal or unequal. 

GO 

Deduce that, if f(z) can be expanded as a series of the formt ^ c„ Ln^(z), 

0 

and term-by-term integration is valid, then 

CIJ 

= r(n+l+ 1) J dx. 

23. Show that, if m+n is a positive integer or zero, 

= 


Deduce that 


n I dz”^"^^ 
((-l)netz ^ 


2 


t The polynomial discussed by Laguerre (Bull. Soc. math, de France, 1 
(1879), 72-81) is obtained by putting a = 0. The generalized Laguerre poly- 
nomial was introduced by Sonine, Math. AnnaUn, 16 (1880), 1-80 (41-2). 

{ The question of tlie convergence of such a series may often be settled by 
the use of Fej6r's asymptotic formula {Comptes Bendua, 147 (1908), 1040), 

L\t\z) = y('^J',‘/,‘)co8{2V(n2)-(2a+l),r/4}+0(n«^^ 

valid when n is largo and 2 finite. 
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24. Provo that 

0 

provided that the real parts of z and a + 1 are positive. (Sonine.) 

25. Prove that 

J it - £l—( 0 , 

0 \ 
provided that the real parts of p and a + 1 are positive. (Koshlia^v.) 

26. Show that ^ 

r(a+ 1 +n) ^ 1 +^1-^ ! (»• M. WlLSON,) 

f-0 

00 

;-*z4«I,<f'(2) = ^ J e-*t»+i«J.{2V(2<)}d<, 


\ 


27. Show that 
e' 


provided that the real part of n+a+1 is positive. Here JJiu) denotes 
the Bessel function oo , , 

' 2i,nlT(a+n+iy 
0 

28. Prove that 

(i) = L^r^\z), 

(ii) 

(iii) nLit\z) = (2n+a-l-2)L!,»2,(2)-(n+ot-l)L{r2*(*). 

Deduce that, if a is not a negative integer. 


n 


Z,T{oc^r+l) 


U‘\x)L[’Hy) 


r-0 


29. Show that 

f t«Ll’\z)ir{<x+n+l) = eHzt)-i-JMzt)]. 

n— 0 

30. Prove thatf when |^| 1, 

|^L<,*>(a:)L}r'(y)«»n!/r((x+n+l) = 

'•'“'"‘“'■IdSTr,- 

n— 0 


n-0 

where 


t See Hardy, Journal London Math, Soc. 7 (1932), 138; Watson, ibid. 8 
(1033), 180. 
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31. The Hcrmite polynomials are defined by the expansion 

exp( 2 te— f*) = 2 
n»=o 

Prove that 

(i) fl»( 2 ) = (-l)“exp 2 * — exp(-z*), 

(ii) H^( 2 ) = (-l)»2‘"n!i<-‘V). 

(iii) = (-l)« 2 *»+'n!zL{,‘'( 2 ‘). 

32. Show that 

(i) = 2nH^,{z), 

(ii) Hn+^(z)-22H^(z)+2nH^^^(z) = 0. 

Deduce that w = H^iz) is a solution of 

dhv ^ dw , ^ 

- 7 -^ — 2z— + 2nw = 0 . 
dz^ dz 

33. Show that the value of the integral 

00 

j e'’^'iiJx)H^(x)dx 

— 00 

is 2 "n! Vtt or zero according as the integers m and n are equal or imequal. 

34. Prove that,t when |^| < 1, 

0 


t See Watson, loc. cit. 



CHAPTER XI 


LEGENDRE FUNCTIONS 

11.1. Legendre’s differential equation 

In the last chapter we discussed the solution of the hyper- 
geometric equation under the assumption that none o^ the 
exponent-differences was an integer or zero. We shall now con- 
sider in detail an equation of hypergeometric type in which this 
condition is not satisfied, namely Legendre's differential equation 

n(7i-f l)w = 0, 

where n is an integer or zero. 

This equation, which is of importance in mathematical 
physics, arises when one tries to find a solution of Laplace’s 
equation gap gap gap 

gX2+^y2+gZ-^ = ® 

which is a polynomial of degree n in X, Y, and Z. Such a solu- 
tion is called a solid harmonic of degree n. If we transform this 
partial differential equation to spherical polar coordinates 
(r, 6, (f)) defined by the equations 

X = rsinffcos^, Y — r8mdsin<f>, Z = rcoad, 
it becomes 

8*F 2 ^ 1 02F wt0 ^ 1 

^^'^r dr '^r^ '^'^rWd 8^ ~ ' 

It follows that every solid harmonic of degree n is of the form 
r'^8Jd,<f>), where 8„{0,<f>) is a polynomial in sin0, cos0, sin^, 
cos <f> and satisfies the partial differential equation 

coseefl— ^sin0 ^^"J+cosec^fl = 0. 

S„(0,(f>) is called a spherical surface harmonic of degree n. 

In particular, if 

= f{6)coam(<f>+f), 

where m and e are constants, we find that w = f{d) is a solu- 
tion of 
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cosecd ^lsmd^^^+{n{n+\)—mrco^ecW}w = 0, 


or, putting z = cos0, 




This differential equation, which reduces to Legendre’s equation 
when m = 0, is called the associated Legendre equation. Its solu- 
tion is seen, without much difficulty, to be of the form 


w = P 


— 1 

Im 

— hn 


00 

n+1 

—n 


1 . ^ 

Im z , 
— Im ^ 


in Riemann’s notation (§ 10.2). 

In the problem of determining solid harmonics of degree n, 
the parameter m can take only the values 0, 1, 2 ,..., n, and this 
is the case of greatest interest since the exponent-differences are 
then all integers. We shall show that the associated Legendre 
equation has, in this case, only one solution which is a poly- 
nomial in z and ^Jil—z"^); it is denoted by Pj^{z) when rn is not 
zero and by P,X^) when m is zero. It follows from this that 
there are only 2n+l linearly independent spherical harmonics 
of degree n, namely 

Py,(cos0), P^(cos0)cosm<^, P^(cos0)sin?r«^, (m = l, 2 ^..., 7 i). 

Any other spherical harmonic of degree n is a linear combination 
of harmonics of this set. 

In the jjresent chapter, we consider the form of the complete 
solutions of Legendre’s equation and of the associated equation 
only in the case when m and n are positive integers or zero and 
m does not exceed n. 


11.11. The Legendre polynomials 

When n is a positive integer or zero, the point at infinity is 
a regular singularity of Legendre’s differential equation, the 
exponents there being ti+I and — n. If we attempt to satisfy 
the equation by a series of the form 

w = 2-'{Oo4-Ci 2-1+022-2 + ...}, 

4m T 
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we find that the solution of exponent — n is 


w = Az^ 


n{n—l) a . w(n— 1 )(tc — 2)(to— | 
2(2n-l) ■*' "2.4(2«-l){2»-3j ‘"I 


(»+I )(^ +2)(w+ 3)(tc+4) _^ \ 

2.’4(27r+3)(2n+5) 

= AWi+BW2 \ 

say, where ^ and B are two arbitrary constants. The sejcond 
constant B arises from the fact that the equation which should 
determine turns out to be an identity. The solution of 

exponent n+1 is found to be 


to — Cw2i 


where C is an arbitrary constant. We have thus found formally 
two linearly independent solutions of Legendre’s equation, viz. 


w =■■ Aii\, w = Cw 2 * 

Tlie first solution Au\ is a polynomial in z of degree n and 
so certainly satisfies Legendre’s equation for all values of 2 . The 
second solution is a non-terminating series of descending powers 
of z which converges when | 2 | > 1; the formal processes which 
made it a solution are thus completely justified. A discussion 
of the analytical continuation of the second solution within the 
unit circle is deferred for the moment. 

Taking A — (2n)!/{2”(n!)2}, we can write the polynomial solu- 
tion in the form w = P^( 2 ), where 


PM - 2 


(— ins®— 2>-)! 


- -- z 


n-2r 


^ 2V! (n—r)\ {n—2r)\ 

where the integer p is \n or |(w— 1) according as n is even or 
odd. We call P.n{z) Legendre's polynomial of degree n. In parti- 
cular. 


Pt{z) = z, P^i^) = P3(2) = i(523-32). 

From this definition we deduce that 



r-o 


( (^2n-2r\ 

2H\{n-r)\dz^^ ^ 
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_ 1 dn ^ (-irn! 

2’*?i! dz^ r\ {n—r)\ 

- 1 t (-irn! 

2^nl dz^ Zr r \ (?i— r)l 

and so PJz) = -^( 22 _i)ri 

^ 2^n!rf2:^^ ^ 

This is Rodrigues’s formula for Legendre’s polynomial. 

Using Cauchy’s formula for the nth derivative of an analytic 
function, we obtain from Rodrigues’s formula the following con- 
tour integral formula, due to Schlafli: 



where (7 is a closed contour surrounding the point t — z. 

Example 1. Deduce from Rodrigues’s formula that the n zeros of 
P^(z) are all real and lie between d; I- 

Example 2. Prove that 

Example 3. Show that 

P„(s) F(n+l.-n;l;4(l-z)). 


Example 4. Provo that PJz) is equal to 

71 f 

according as n is even or odd. 


Example 5. Show, by using Rodrigues’s formula and integrating by 
parts, that ^ 

J 0 

-1 

when Ic = 0, 1, 2,..., n— 1. Deduce that 



when the integers m and n are unequal. 
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Example 6. Prove that 



(2n+l)! 


Deduce that J {P^(z)Y dz = 2^_j_ ^ * 

Example 7. Sliow that a polynomial J{z) of degree n can be expressed 
in the form n 

f(z) 2 a,P,( 2 ), 

r-O 
1 

whoro a, j* f(:)Pr{z) dz. 

More generally, prove that if f{z) is an analytic function which can bo 
expanded as a serk's ^ 

f(z) =- ^a,P,{z) 

r-0 

which convergc's uniformly wdicm —1 <2 < 1, the coefficients are 
given by the above formula. 



11.12. Laplace's integral for the Legendre polynomials 

We shall now deduce from Schlafli’s integral a definite-integral 
formula for P.„(z), due to Laplace. Let us take as the contour 
C the circle |/— ;:| = 1|. Then on C we have 

t =- z+{z-~l)hJ^, 

where (f> varies from — tt to tt. Evidently it is immaterial which 
branch of yl(z^—l) is taken. 

Making this change of variable, we find that 

<2—1 = 2(z“—l)^eJ^{z-{-(z^—])ho^(f)} — 2(t—z)[z-{-(z-—iy-cos(f)} 
and lienee that ^ 

- TT 

Since the integrand is an even function of </>, it follows that 

TT 

P,Xz) - J {s+( 32 - 1 )»COS^}'’ 

This formula is known as Laplace's first integral for the Legendre 
polynomial P,Xz)- 
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Example. By making the transformation 

{2-f (s^— 1 )i/2cos<^}{2— ( 2 ^— 1)*^®COS0} = 1 
when 2 is real and greater than unity, show that 

TT 

PJz) = i J {2 + (3*-l)‘'*co8co}-»-’da) 

u 

when 2 > 1. By appealing to the princij)le of analytical continuation, 
prove Laplace's second integral formula^ that 

7T 

Pn(~) j 

0 

where the upper or lower sign is takc^n according as the real part of 2 is 
positive or negative. Sliow also that Laplace’s second integral diverges 
when 2 is purely imaginary. 


1 1 .2. A generating function for the Legendre polynomials 

The Legendre polynomials can also be defined as the coeffi- 
cients in the expansion of ( 1 — as a series of ascending 

powers of A, a result which enables ns to determine very simply 
many of the properties of P,X^), To prove this, we sum the 
scries 2 

Using Laplace's first integral, we find that 

cr» ^ 

2 A".P„(z) = - ^ f h" {z (z-— l)hos <l>}^ d<l> 

0 77 j 



r ” 


h”{z-\- (z- — 1 )icos 0}^ 


provided that we can justify this inversion of the order of 
integration and summation. 

Let us suppose that 


\h\ < (l_e)/(l2|+Vlz2-l|), 


where 0 < e < 1. We then have 


|/j( 2 + (22— l)‘cOS^}| < |/t|{j2|+|z2— l|i} < 1 — e, 

00 

and so the series ^ 

0 

converges absolutely and uniformly with respect to the real 
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variable cf). The inversion of order is thus valid. It follows 

that 

TT 

^ h^Pn(z) = - f {l—hz—h{z^—l)^cos(f)}~^ d<l> 

n-O TT J 

0 

the branch of this function being determined by the fact |ihat 
it is equal to 1 when h — 0. \ 

Now (l-—2hz-\~}i^)~^''^, regarded as a function of hy has but ^wo 
singularities, and these are branch-points at h = i)*- 

Hence, by Taylor’s theorem, this function is expansible as a 
series of powers of h whose radius of convergence is the smaller 
of \z:^(z^—\)^\. But we have seen that, for sufficiently small 
values of liy tlie function is expansible in the form ^ li^P^J^z). 
As the Taylor expansion of an analytic function is unique, we 
have thus sliown that 

(l_2;i2 + A2)-l/2 _ I 

7<, = 0 

prpvided that |/i| < |s±( 2 -~l)^|. In particular, the radius of 
convergence of this series is unity when — 1 < 2 < 1 . 

Example 1 . Proven that 


PnW = h Pn(-^) = (-ir, P2nW = 


(-l)«(2n)! 




_{2n)\_l 


22«(yfc!)2 

Example 2. Use the identity (1 — 2/itcos0+/t*) = (l—‘he^^){l—he~^^) 
to jjrove tliat P„(cos 6) is equal to 

2cos'«0 + ^^^^^2cos(w — 2)0+ 

1.3(2n)(2n-2) 

2.4(2n- 

Doduco that |P„(cos0)| 1 when 6 is real. 

Example 3. {Show that, if A-fl/Zt ~ 2/A;, tlien 

(1+/^^) _ 1 
{l-2hz+h^) (1-zA;)* 

Deduce that is equal to 






2"(n!) 
(2n4- 1) 


, j ( 2« -I- 1 )P„(2) + (2« - 3) + 




m> 
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11.21. The recurrence formulae 

We shall now find the recurrence formulae connecting Le- 
gendre polynomials of different orders by using their generating 
function Viz,^,) = (1— 2Az+fe2)-i/2 

This generating function is easily seen to satisfy the partial 
differential equation 


(l-2/tz+A--‘)~ = {z~h)V. 
dh 


Hence we have 


(\-2hz+h:^) 2 nh^-^PJiz) = (z-h) 2 h’^Pn(z), 

0 0 

where the infinite series converge absolutely provided that 

\h\ < 

Equating coefficients of we find that 

( 2 »— 1)-P„_2(2) = 0, (i) 

which is the first of the recurrence formulae. 

Similarly, from the relation 


we deduce that 


h— = (z—h ) — , 
dh ' ^ dz 

dP„{z) dP„_,(z) _ p 


If we now differentiate (i) with respect to we obtain 

dP^)_^^,_j(z)) JP„^,{Z) dP„_,{z\ 

dz dz 


-(»-l) z 


= (2«-l)P„_i(z), 

from which it follows by formula (ii) (with n— 1 for n), that 

dP„(z) dP„^■^{z) j, , . ..... 

From these three formulae, it is easy to deduce that 


= (2n+l)P„(z), 

dz dz 


(Z— ^ - «zP„(z)-«P„_,{z), 


(V) 
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(22-1)^^) = -(n+\)zPJz)+{n+\)P,^M (Vi) 

It should be observed that the six recurrence formulae of this 
paragraph are really particular cases of the formulae of Gauss 
connecting contiguous hypergeometric functions (§ 10.5). 


1 1 .22. The integral of a product of Legendre polyno|[nials 

The polynomials ^^^( 2 :), Prt(^) satisfy the differential equations 

~{(l-z^)P;j+m(m+l)P„^ = 0, 
l{{l-z^)P'„)+n{n+l)P„ = 0, 

where dashes denote differentiation with respect to z. If we 
multiply these equations by and respectively and sub- 
tract, we obtain 

(m-n){m+n+l)P„,P, = 

Hence, by integration, we have 

{m-n){m+n+l) j P,„P„ dz = [(1-2^)(P„P;-P;.PJ]*;. 


Hut, by the recurrence formula (v), 

(1-22)(P„P;— P;,PJ ^ nP„,P„_i-mP„_iP„+(m— «)2P„P„, 
SO that, when m ^ n. 



+ (w— n)zP„ P^Y' 

(m— ?i)(m4-n+l) J ’ 


a formula which enables us to integrate the product of two 
different Legendre polynomials between any limits. 

To determine the corresponding formula for the integral of 
the square ol a Legendre polynomial,! we observe that, by the 


t Soo Hargreaves, Proc. London Math. Soc. (1), 29 (1898), 116-23. 
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recurrence formulae (ii) and (iii), 

(2«+l)P*-(2n-l)P*_i 

= 2P„(zp;-p;_,)-2P,._,(p;-2p;_,:4-PHn-i 

= jj,zPl+zPU-2P„_^P,\ 

and so 


(2n+l) JPI dz -(2n-l) j P^-i dz = [zPl+zPl_,-2P,,_^pSj;r 

Zx Zx 

If we now pnt n = I, 2 ,..., m and add, we obtain 


(2m+l) J P^dz - J Pgdz = [2Pg+2z(Pf+Pi+...+P*,-i)+ 

Zx Zx 

+zPi-2(PoP,+p,p,+...+p„_,pj]*;, 

or, since Po(z) = 1, Pi{z) = z, 


(2m+l) I P^dz = [2z(Pf+P|+...+P^_i)+ 

Zx 

+zP^-2(P,P,+P,P3+...+P„,.,PJJ. 

In particular, since P„(l) = 1, P„(— 1) = (—1)", we see that 


/P„WP.(.)& = ^ orO 

according as the integers m and n are equal or unequal. This 
result can also be proved by using Rodrigues’s formula and 
integrating by parts, as suggested in § 11.11, Exx. 7 and 8. 


Example 1. Show that, if m > n and 7 / 1 — n is even, 

1 

J Pm{z)P„{z) dz 
0 

is equal to 0 or l/(2n-f-l) according as w > or = n. 


Example 2. Prove that 


I Ptr{z)Pts+l(z) dz = 


^^)'+*+>{2r)r(2«+l)! 

4'+'(2r-2tf- 


(Rayi^igh.) 
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Example 3. Show that 

J (\-z^)PUz)P'n(z)dz = [(l-**)P„(z)P;(z)]:;+w(n+l) Jp„( 2 )P„(*)ds. 
Deduce the value of 

X 

r (\—z^)Pm{z)Pn(z) dz. (Hargreaves.) 

-1 ! 
Example 4. Show that 

P;(z) = (2n-l)P„_i+(2«-6)P„_,+ (2n-9)P„_s+..., ^ 

the last term being ZP^ or according as n is even or odd. Henpe or 
otherwise show that, if m > n, 

1 

J Pm(z)P'n(z) dz = n(n+ 1) or 0 
• -1 

according as m—n is even or odd. 


11.3. Legendre polynomials of large degree 

In many of the applications of Legendre polynomials it is 
necessary to discuss the convergence of series of the form 
and therefore to know how P,^X^) behaves when its 
degree is large. We shall now give an account of Darboux’sf 
method of deducing the asymptotic expansion of the Legendre 
polynomials of large degree from their generating function. 

Let us consider, in the first place, the case when the point z 
does not lie on the real axis between so that z = cosh^, 
where R1 1 > 0. We then have 



/i"P„(cosh i) — 


1 


provided that |/i | < \e-^\. The generating function of the poly- 
nomials P^,(cosh^) is, therefore, of the form (e”£— A)"*P(A), 
where F{h) is regular when \h\ < \e^\. 

We can, however, write 


F{h) = (2sinh^+c”5— 

= 1 (— ir)(c“^— A)7(2sinh0'‘+*, 

r-O 


t Journal de Math, (3), 4 (1878), 6 and 377. It will be seen that the method 
is applicable to many of the functions definod by a generating function. 
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where (a, r) denotes the binomial coefficient 


r(c.+ l)/{r!r(a+l-r)}. 

This power series converges when \e~^—h\ < 2|8inh$l. From 
this it follows that, for any positive integral value of p, 

r=0 

where 0{Ji) is regular when |A| < |ef|. 

We have thus shown that 
(c-i-A)P+iGf(A) 


= l^A"P„(coshO— |;j-ir)(e-^-A)’--V(2sinh^)''+* 


r 


= 1 


n“0 


say. By Taylor’s theorem, this expansion is valid when 

1*1 < Ml- 

The coefficients are given by 


^ J (e-t-J).«e(i) 


dh 



C 

where C denotes a circle concentric with and interior to the 
circle of convergence. We can, however, deform the contour, 
without altering the value of the integral, until it consists of 
the circle of convergence \h\ = |e~^l indented at the singularity 
Moreover, the integral round the indentation tends to zero 
with the radius of the indentation. 

Accoidingly, if we write h = on the modified contour, 
where 6 varies from 0 to 2tt, we obtain 


277 



JL 

277 


2ir 

J m 


0 

say. The first p derivatives of f[0) are continuous, whilst its 
derivative of order 23+1, being of the form (1— where 



284 


LEGENDRE FUNCTIONS 


g{6) is continuous, is discontinuous at 0 and We can there- 
fore integrate ^+1 times by parts to obtain 

1 An-p~i)C r . 


But this integral remains finite as n -> oo, and so is 

uniformly boundedf as n oo, provided that ^ lies in ji closed 
domain where the inequality R1 ^ > 0 is satisfied. \ 

We therefore see that, when R1 ^ > 0, \ 

P,,(cosh 0 




(_ l)«g(n+l-r)J 

(2sinhC)''+i 




= i: V ni±!;)ni±!l e<" , q( \ 

Vtt ^^n\r\V{l—n-\-r) (2sinh^)^^* 

But since the term corresponding to r = is when 

n is large, this equation can be written 

P„(cosh 0 


= r(Hr)r(|+r) / V ( e”i \ 

n\^J{2■ns\nh^) ^ rW(\—n-\-r) \ 28inh^/ 

In other words, 


P„(cosh t,) 


(_])«e(»+i)C ^ ni±rlEii±l)f 

?i!^( 27 rsinhO^ r!r(.|— «+r) \ 


-i 


\\ 


2 sinh 

the series on the right-hand side being an asymptotic expansion 
in Poincare’s sense when Rl^ > 0, since the error caused by' 
terminating the series at any term has the same order of magni- 
tude as the first term omitted. It should be observed that this 
asymptotic expansion may be written in the form 


P„(cosh Q 


/j J. 

?i!^(27TsinhQ ^‘-’2> 




— 1 
2 sinh y 


and, in particular, that 

This analysis has to be modified slightly when 2 is a real 

t It can, in fact, be shown that tends to zero uniformly, so that 

O in the next equation can bo replaced by o. This is, however, of no im- 
portance here. 
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^number lying between ±1, since the branch -points of the 
generating function then both lie on the Circle |A| = 1. In this 
case we write z = cos0, where 0 < 0 < tt, and make use of the 
fact that 


(1^2Acos0+A2)-i/2- y 

^ (2^S1 


(e-Oi-hy-i 


r-0 


(2isin0)’'+* 


p 

- 2 <- 

r=0 


-hr)- 




{—2i sin 6Y+^ 

is regular save at the branch-points ; moreover, at this 
function behaves like {e^^‘—h)^-^^G(h), where G(h) is regular 
when \e^^—h\ < 2sin0, and similarly at If we now expand 
in powers of h and apply the same argument as before, we 
Jind that, if e ^ 0 ^ n—e where e > 0, then 

/kioosd) 

\1I2 ( - 1 ^ {r(r+i)p cos((?i-r+l)g+|(2r-l)77} 

2^ rl r{r+|— 7i) 


\7r sin0/ 


n\ 


T'sin^e 


r = 0 

and, in particular, that 

( O \l/2 

— ^) cos{(n-f^)0-^7r}-f 

utt Sin uf 

This approximation is valid only when e ^ ^ tt— e, where c is 

any jiositive number. It can, however, be shown that 

I^«(COS0)| < - 

^{mr sinO) 

under the less restrictive condition 0 < 0 < tt, A proof of this 
l^ill be found in Szego’s Orthogonal Polynomials. 


1 1 .4. The complete solution of Legendre’s equation when 
n is an integer 

Since the exponent-differences of Legendre’s differential 
equation at the points ± 1 are both zero, the comjilete solution 
has a logarithmic singularity at these points. To discuss the 
nature of the complete solution near these singular points we 
apply the usual rule for solving a linear differential equation 
when one solution is known, that is, we make the substitution 

w = PJz)u. 
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We find that u satisfies the equation 

(l-Z=*)P„(z)g + 2{(l-22)P;(2)-zP„(2)}^ = 0, 

from which it follows that 

where A and B arc arbitrary constants. Hence the complete 
solution of Legendre’s differential equation is \ 

Now Pj^(z) is a polynomial of degree w, with n distinct zeros 
z^y 22 ,. 2 ,,, say, no zero being equal to il. Accordingly we' 

have, by the theory of partial fractions, 

2(^-1) 2(z+l)^ZU-2y 

Here fff is the residue of l/[(z2— l)(P„(z)}2J at z z^. If we write 
Pni~) — wc easily find that 

„ _ 2{z,P(z,)-(l-z?)P'(z,)} 

{i-zj){F{z,)r ■ 

But if we substitute (z— z^)P(z) for P„(z) in Legendre’s dif- 
ferential equation, we obtain 

^{z Zr){(l z~)F (z) — 2zP'(z)-j-ri(n-f- l)P(Ji)}-|- ^ 

+{(l-z-)P'(z)-zP(z)} = 0; 

putting z = z„ we find that a,. = 0. Substituting the value of 
so obtained, we have as the comjjlete solution 
of Legendre’s differential equation 

w jp„(z)-php„(2)iog^-l-p„(z) 2^:^) 

' r^l ^ '"rf 

= ^P„(2)-5{iP„(2)l0gg-ir„_i(2)j, 

where A and B are arbitrary constants and W^_^[z) is a poly- 
nomial of degree n — 1, 
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The second solution of Legendre’s differential equation 

Quiz) = R(z)l0g^-w;_i(2), 

which we have just determined, has logariihmic branch-points 
at z — ±1, but any branch of the function is one-valued and 
regular in the z-plane supposed cut along the real axis from — 1 
to 1. We now define Q„(z) in this cut plane by assigning to 
the logarithms their principal values; we call this solution the 
Legendre function of the second kind. This is equivalent to taking 

where the path of integration does not cross the cut. 

The cut is a line of discontinuity of QJz). For, if — 1 < < 1, 
we have 

lim QJ.i>.±ei) = 

C-H. + 0 \ 1— /X ) 

and so Q„{^+0i)-Q„{n-0i) = 

When /t is a point on the cut, it is convenient to define 
as the arithmetic mean of Q„{g-iOi). With this convention 
we have , . 

1-H 

when — 1 < /i < 1. 

11.41. The behaviour of Q„(z) at infinity 

When | 2 | > 1, we can expand the function 

Q„(z) = R{z)log^-W„_,(z) 
as a series of the form 

0.W - 

= z»-i{oo-faiZ-i-f02Z-H-} 

say, the coefficients a^. being constants. If is the first non- 
vanishing coefficient, this solution has the exponent m—n+\ 
at infinity. 

We saw, however, in § 11.11 that the exponents of Legendre’s 
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equation at the regular singular point at infinity are — n and 
n+l. Evidently Qn(z) cannot be the solution of exponent — w. 
Accordingly, we identify Qn(z) with the solution of exponent 
71+1, viz. 


I (^+1)(^+2)(w.+3)(7?.+4) 1 

274(2n+3)(2w+r)) “ '^1* + 

where C is a constant. \ 

It should be observed that a^n is the first non -zero coeffi(!fient, 
a fact which enables us to determine the polynomial 
To determine C, we equate coefficients of 2 “”-^ in the two 
expansions. This gives 
C =■■ ttg,, 

(2n)\ I 1 n(n—l) n(n—l)(n—2)(n—3) \ 

2’'(n!)2 [212+1 "’2(271-1)2'^ 2.4(27i-l)(2n-3)2 “"*/ 

1 j 

0 0 

= — f (1-U*)"(ia= . 

0 

We have thus proved that, when | 2 | > 1, 

> nlVTT _ J, . (nA-\)[n+2) „ . 




+ 2(2r.+3r" + 
(n+I)(rt+2)(n+3)(w+4)_, 




' 2.4(2w+3)(2w+5) 

a result which can be expressed most simply in the form 


Example 1. Show that 


Qi{z) =- izlog^-l, 
Z — 1 


Q»(*) = i^.(*)log+J-i2, 

Z — 1 


<?»(*) = J^’,(*)log~ -|2* + !. 
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Example 2. Show that 

the latter formula being valid when |2— Ij > 2. What is the corre- 
sponding formula, valid when |2:+1| > 2? 

Example 3. Prove that, if we replace the factorials in the functions 
of Ex. 2 by Gamma functions, the functions so obtained are linearly 
independent solutions of Legendre’s differential equation for general 
values of the parami'ter n. [The functions P^(z) arid so defined are 
called the Legendre functions of the first and st^cond kinds respectively.] 


11.42. An integral formula for Q^(z) 

Using the duplication formula for the Gamma function, we 
find that we can WTite the hypergeometric series for QJz) 
(§11.41) in the form 

(2z)«+iZ (2s)! r(n+s+3) 

when 1^1 > 1. But, by the Eulerian integral of the first kind, 
we have 


If we insert vanishing terms of the form 


M-2s-f-l)! 

ir( 2^1)1 


1 ' / 


in this infinite series, we find that 


r-0 ' 

We can invert the order of integration and summation in this 
last equation; for, since lz| > 1, the series 

V 

^ Tilr! \z) 


4111 
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converges uniformly when — 1 < < < 1. It follows that 

-1 

or, finally, QJz) = j dt. 


-1 

This formula, which is the analogue of Schlafli’s integral for 
P^( 2 ), has been proved under the assumption that | 2 | > 1. The 
integral is, however, uniformly convergent when z lies in any 
closed domain of the 2 ;-plane supposed cut along the real axis from 
— 1 to +1- Hence, by the principle of analytical continuation, 
this formula for Q^X^) holds everywhere in the cut plane. 


Example. Provo that Qn{z) satisfies recurrence formulae of the same 
type as those satisfied by I\(z), 


11.43. Heine's integrals for Q„(z) 

We shall now deduce from the formula 

-1 

two integral representations of Q^X^) which are analogous to 
Laplace’s integrals for PfX^). 

Let us suppose, in the first place, that z is real and greater 
than unity, so that the transformation 

t = z—(z^—l)h^ 

is a real one. If we take the positive square root, we find that, 
as t varies from —1 to 1, 0 varies from a to —a, where 

a = ^log^i^ = arccothz, 
z — 1 

the real value of the logarithm being taken. From this it follows 
by direct substitution that, when z > 1, 

a, 

Qn(^) = ij {z-{z^-l)icOShe}^de, 
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and so, since the integrand is an even function of $, 

Gn(2) = I {2-(22-l)*COshe}»d<?. 

0 

This formula is important since it enables us to calculate simply 
the functions ^„( 2 ). For example, 

(2o(2) = <.= ilog"+|, 

Qi(z) = ( 2 ;-— l)^sinha = — 1, 

and so on. For the more difficult discussion of this formula 
when z is complex, we refer the reader elsewhere. f 
' If we now make the substitution 

{ 2 +( 2 '^—l)*C 0 sh^}{ 2 — ( 2 ‘^— l)icosh0} = 1, 

we find that, as 6 varies from 0 to ol, (f> varies from 0 to -f oo, 
and hence, after a little easy manipulation, that, when 2 > 1, 

00 

<2n(2) = I {2+(2=‘-l)*COSh.^}-»-ld^. 

0 

This formula, which is due to Heine,! is the analogue of La- 
place’s second integral for P^^( 2 ). 

If we wish to extend this formula to the case when z is com- 
plex, we must firsc ensure that the integral is one-valued and 
convergent. This is the case if we take the branch of ( 2 ^— 1 )^ 
which is positive when 2 > 1, and make a cut§ in the z-plane 
along the real axis from — oo to 1. If 2 lies in a bounded closed 
domain within the cut plane, the integral 

gu 

J {2-f-(22— l)lcOSh dtf) 

converges uniformly with respect to 2 , and so represents a regu- 
lar analytic function which is equal to C^(z) when 2 > 1. From 

t See, for example, Hobson’s memoir published in Phil. Trans. (A) 187 
(1896), 443-531, or his Spherical and Ellipsoidal Harmonics (Cambridge; 1931), 
Chap. V. 

t Journal fur Math. 42 (1851), 73-5. 

§ The cut from — 1 to 1 is required to make (z®— 1)^ one-valued, whilst that 
from — CX3 to —1 ensures that z-f(z®— l)*co8h ^ never vanishes when ^ > 0. 
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this it follows, by analytical continuation, that the formula 

00 

Qni^) = J 
0 

holds everywhere in the z-plane, supposed cut along the real axis 
from —CO to + 1, it being understood that 1)* has its principal 
value. The value of on the cut is determined by the 

equation ^ - 

when 2 < — 1 , and by the convention of § 1 1 .4 when — 1 < fc < 1 . 


11.5. Neumann’s integral for Q^(z) 

F. Neumann! showed that if z is any point of the z-plane, 
supposed cutMong the real axis from —i to +1, Qn(z) can he 
expressed in terms of Legendre's polynomial by the relation 


Q,.(z) - 



du 

z—u 


We deduce this result from Cauchy’s integral formula (§ 4.31, 
Ex.). 

Let z be any fixed point of the tt’-plane which does not lie 
on the real axis between —1 and +1. We choose a closed 
contour Q which surrounds the points ^ 1 but not the point z, 
and which does not cross the cut; we also take the circle 
whose equation is lw;| = Ji, where R > \z\. Since QJyo) is 
regular in the annulus bounded by and Cg, Cauchy’s formula 
gives 




dw 

w—z' 






We now modify the expression on the right-hand side of this 
equation by making R tend to infinity. 

It follows from § 11.41 that, for all sufficiently large values 

'“’I’ \QnM\ < AI\w\n+\ 


where 


n! Vtt 

2-r(n+f)‘ 


t Journal fur Math. 37 (1848), 24. 



Hence we have 


LEGENDRE FUNCTIONS 


293 



^ 27rA 


and this implies that the integral round C 2 tends to zero as 
B tends to infinity. 

We have thus shown that 


Qn(^) — 



dw 

z—w' 


But since Q^,(w) is regular in the cut plane, we can deform the 
contour without altering the value of the integral, until it 
consists of the two sides of the cut from — 1 + e to l — rj joined 
^ by the circles |i^+l| = €, 1| = rj. Moreover, since 

QnM = 

w — 1 


the integrals round these small circles tend to zero as e and tj 
tend to zero. It follows that 


1 

«„( 2 ) = ^j {Qn{'>^-0i)-Qn{u+0i)}^. 
-1 

Finally, since 


^n{“— Oi)— Q„(«+0i) = 7TiP„(tt) 


when —1 < u < 1, this formula can be written in the form 

1 




du 

z—u 


i 


which is Neumann’s result. 


11.51. Heine’s expansion of {z—u)~^ as a series of Le- 
gendre polynomials 

Let us suppose that it is possible to expand I /(z—u) as a series 
of Legendre polynomials of the form 


1 

z—u 
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Then, by § 11.11, Ex. 7, the coefficients are given by 

-1 

This suggests that the formula 

^ = 2 (2w+l)Qj2)P„(tt) j 

m=0 ! 

is probably true, provided that certain restrictions ai^ made 
concerning z and u. This result, whicli is due to Hein^,! is of 
great importance; for on it depends the theory of the expansion 
of a class of analytic functions as series of Legendre polynomials. 
The proof given below is due to Christoffel. J 

When m 1, it follows from the recurrence formulae 

{2m+l)uP,„{u) = 

that 

(2m+ 

The corresponding formula wdien m = 0 is 
From these two formulae we have, by addition, 

i (2m+l)em(s)P„,('2^) 

77i = 0 

= , \+Pl{QnAz)Pn{n)-Qn{z)PnMl 

z — u z — u 

To prove Heine’s formula, we have therefore to show that 
(«+ 1 ){Q„+i(2)P„(«)- Qn{^)PnM] 
tends to zero as n tends to infinity. 

Now, if z = cosh(a+i^) where a > 0, and if <l> is real, we have 

lz-(-(z‘-^— l)*cosh<^| = |cosh(a+ij8)+sinh(a+ii8)cosh^| 

= >^{|(cosh 2a + cos 2j8)+sinh 2a cosh ^+ 
+^(cosh 2a— cos 2j3)cosh2<^} 

> ^{cosh2a+smh2acosh<^} ^ e“. 
t Journal fur Math. 42 (1851), 72. J Ibid. 55 (1868), 61-82. 
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It follows from Heine’s integral (§ 11 . 43 ) that 

uu 

I Qni^) I = / {2+ (2^- 1 )*COSh d<f> 

0 

00 

^ J {cosh 2 a+sinh 2a cosh 
0 

00 

^ g-(n-i)a J {cosh2a-l-sinh 2aCOsh<^}“^ dcfi 

= e-(^‘^-i>«Q„(cosh2a). 

Similarly, if u = cosh(y+iS) where y ^ 0, and if 0 is real, we 
have 

|?4+(U“~1)^COS0| 

= |cosh(y+i8)+sinh(y+iS)cos0| 

= ^J(^(cosh 2y+cos 2S)+sinh 2y cos0+ A(cosh 2y— cos 2S)cos20} 
^ -^{cosh2y+sinh2y} = e>', 
and so, by Lajdace’s first integral (§ 11.12), 

TT 

i J l)^cos0)” ^ 

Now suppose that a is fixed and that e is an arbitrary positive 
number less than a. Then, when 0 < y ^ a— e, we find that 

^ (71+ l)(6“^®Go(c^sh 2a)e^y+e“(’‘^”^^“QQ(cosh 2a)e^^+^^y} 

= (71+ l)Qo(cosh 2a)e^‘(y~«>{l +e“+>'} 

< (7i+l)Qo(c^®^2a)e~^^{l+e2“}. 

This last expression does not depend on jS, y, or S, and tends to 
zero as n tends to infinity. It follows that the series 

f (2n+l)Q^{z)P,Xu) 

0 

converges uniformly with respect to j8, y, and 8 and has sum 

The simplest way of stating this result is to use geometri- 
cal language. If we keep a fixed and vary j3, the point 
z = co8h(a+ij3) traces out an ellipse with foci at the points of 
affix +1 and major axis of length 2 cosh a. The condition 
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0 ^ y < a— 6 means that u = cosh(y+iS) lies within or on the 
smaller confocal ellipse of major axis 2cosh(a— e). The result 
we have just proved can therefore be stated in the following 
form. The series 

2 {2n+l)Q^(z)P^(u) 

0 

converges uniformly with respect to z and u when z lies on a fixed 
ellipse C with foci at the points of affix ± 1 and u lies in any closed 
domain definitely within C. The sum of the series is 1 /( 2 — tf). 

11.52. Neumann’s expansion theorem \ 

Iff(z) is an analytic function, regular within and on an ellipse 
C with foci at the points of affix it can be expanded as a series 

of Legendre polynomials 

• 0 

which converges uniformly when z lies within or on a smaller 
ellipse Cj, confocal with C. 

For if u is any point within or on C^, we have 



c 


= f- h(z)i{2n+l)Q,(z)P„(u)dz 

J 0 

c 

the inversion of the order of integration and summation being 

valid since the infinite series under the sign of integration is 

uniformly convergent with respect to z and u when z lies on C, 

From this it follows that f{u) can be expressed as a uniformly 

convergent series oo 

f{u) = 2°nPnM, 

0 

where a„ - J f{z)Q^(z) dz. 

c 

This completes the proof of K. Neumann’s expansion theorem. 

The actual determination of the constants a,^ is best carried 
out by deforming the contour C, as in § 11.5, until it consists 
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of the two sides of the cut from — 1-j-e to 1 — rj, joined together 
by the circles |2+1| = €, |z-l| = rj. This does not alter the 
value of the integral for a„. It easily follows that 

1 

-1 

and hence that ^ 

2n-4-l r 

= J nx)P,Xx)dx. 

— I 

Alternatively we can integrate term by term in the equation 
1 1 ^ 

f f(^)PrMdx ~-^ r 2 a^Pr{x)P,,(x)dx 

-1 -1 

which leads to the same result; this process is vahd on account 
of the uniform convergence of Neumann’s series. 

For theorems of a similar nature relating to functions of a 
real variable, we refer the reader to Chapter VII of Hobson’s 
Spherical and Ellipsoidal Harmonics, 

Example. The function f(z) is an analytic function regular in an 
annulus bounded extcnially by an ellipse C\ with foci at the points of 
affix i 1, and iiitornall>' by a smalk^r eonfocal (‘llipse C\. Show lhat/( 2 ) 
can be expaiidtnl as a s('ries of tlu* form 


wliere 


/(:) =■• 1 - 1,b„QJz), 

0 0 


( 

Prove also that the series converges uniformly in any closed domain 
definitely within the annulus. (K. Neumann.) 


11.6. The associated Legendre functions 

We saw in § 11.1 that the problem of finding all the spherical 
harmonics of degree n depends on solving the associated Le- 
gendre differential equation 


( 1 - 


’dz^ 


2z^+ 

dz^ 


jw, = 0, 
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where n and m (< rt) are positive integers or zero. This dif- 
ferential equation has three regular singularities, its complete 
solution being of the form 

/ —1 00 

w = P\ \m —n 

[ — \m n-\-\ 

If we make the substitution w = the expoijients at 

±1 are changed to 0 and — m, and the exponents at infenity to 
m—n and But this function u satisfies the differential 

equation 

(1— 2(m4-l)2^^ ‘ {n--m){7i-\-m-\-\)u = 0, 
dz^ dz 


\m z 
im 


and this, by Leibniz’s theorem, can be written in the form 




-^z^i + nin+Dv 


0 , 


where u = d^^vjdz^. Hence, if v is any solution of Legendre’s 
differential equation, the function 


w = (2=*- 

' d2”‘ 


satisfies the associated Legendre equation. 

Accordingly we take as the two linearly independent solutions 
of this equation the functions 


P^(2) = (2‘i-l)l'« 


d'«P„(2) 

fife™ ’ 


») = (=--!)*' 




it being supposed that the z-plane is cut along the real axis 
from —1 to 1 and that ( 2 -^— 1 )^ has its principal value. These 
functions are called the associated Legendre functions. 

When m is odd, P^(2) is undefined on the cut from —1 to 1. 
We complete the definition when — 1 < x < 1 by writing 

where the positive value of the square root is taken; it must, 
however, be remembered that, although is now defined 

everywhere, it is discontinuous across the cut, since 

= IrR == lim e~^^*^^^P^{x—i€). 

€-► + 0 €-► + 0 
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When m is even, P^{z) is a polynomial of degree w, and so is 
regular everywhere; but as it is undesirable to have differences 
in definition according as m is even or odd, we suppose that, 
when —1 < x < 1, the equation 


P^(x) = 


~dx^ 


holds for all values of m.f 

Similarly it is convenient to define On (^)> when — 1 < a: < 1, 
by the equation 

f-^ + O 

which agrees with the definition of On(^) when rn = 0. The 
functions On(^) defined evidently satisfy the dif- 

ferential equation for real values of x. 


Example 1 . Prove that P^(z) is even or odd according as n is even 
or odd. 


Example 2. Prove that 
Deduce that 


pr.,,) - (*’.-1)“'* 

2”.n! '' 


PS'(*) = 


(2n)! 


- fz*- fz"-"*- ( n-m)( n -m-l) 
2“.w!(n-->n/!' ' \ 2.(2n-l) ^ 

(n -m)(n -m- l)(n- m -2)(n --m-3) | 

'2.4.('2n-l)(2n-~3)' ' 


Example 3. Show that 


1 /Z+1\"*/* d» ,, 


2”.(n— m) 

Example 4. Show that 

1 




according as n is or is not equal to r. 


Example 5. Prove that 
1 

J n(^)Pi{x) 

-1 


dx 

i— X* 


1 (n+m)! 
m (n— m)! 


or 0 


according as m is or is not equal to k, 

t This is Hobson’s definition. The factor (—I)”* is sometimes omitted; to 
distinguish the two eases, it is usual to write = {l—x^Y'^l^d'^PjJ^x)ldx”\ 

a notation due to Ferrers (Spherical Harmonica (1877), 76). 
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Example 6. Show that, if r < n, 

X 

J xPj*{x)Pp{x) dx 


vanishes, save when r — n — 1. when its value is 

2 (n+m)! 

4n*— 1 (n— m— 1)!‘ 

Example 7. Show that, if — 1 < a? < 1, 

\ 

11.61. A lemma of Jacobi \ 

Before we discuss the representation of by definite 

integrals, it is convenient to prove that, i{ jx = cos<f>, 

rfm-igin2m-iJ (— lW-M2m)! . , 

— - = — -smmo, 

m 2'"m! 

an interesting result due to Jacobi.| 

The result is true when rn = 2; for, in this case, it is easily 
shown that j • o / 


dsin^ 


= — |sin2<^. 


We shall show that the lemma is true generally by the method 
of induction. 

Let us suppose that the lemma is true for some particular 
value of m. Then, writing 

K = (2m)! 

m 2^mV 

we deduce that 


^msinSm ^dsinm^ m cos m6 

— " - — = A — - — — = — A — . — 

dyL Sin (f> 

and 

^m-H sin^m-i^ _ _j-m2sinm<^sin<^+mcosm<^cos<^ 

Hence, by Leibniz’s theorem, we have 

dm+igin2m+i^ _ /x2)sin2»«-i<^} 

= A{— m2sinm<^— mcosm^cot<^+ 

+ 2m(m+ 1 )cos m<f> cot m(m+ 1 )sin m<f>} 

t Journal fiir Math, 15 (1836), 3-4. Tho proof given here is that of Ferrar, 
Proc, London Math, Soc, (2), 23 (1925), (Records) xxx. 
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= iLm(2m+l)co8(m+l)^/sin^ 

If we now integrate with respect to /i, we find that 


^mgin2m+lj^ 

JfJL^ 


(-1)”^ (2m+2)! 

m+1 2*"+i(m+l)! 


8in(m+l)<^, 


the constant of integration vanishing since the expression on 
each side of the equation is an odd function of <f>. 

We have thus shown that, if the lemma is true for any parti- 
cular value of nty it is true for the next greater. But since it is 
true for m = 2, it is true generally. 


11.62. Integral representations of P^(z) 

The simplest integral formula for F^(z) is the analogue of 
Schlafli’s integral for the Legendre polynomial, namely 


2”n! 


.1)1” ' 

' 2 it*J (<- 


gjn+m+l ’ 


where C is a simple closed contour within which the point z 
lies. This follows immediately from the generalized Rodrigues’s 

formula ,2 lUm fjn+m 

ym(^\ __ ^ __ „ (z^—iy^ 

2^'w! dz^+^^ ' 


Pm = 


by using Cauchy’s integral for the (7i+w^)th derivative. 

When z does not lie on the real axis between ± 1, we can take 
as C the circle \t—z\ = ^J\z^~—l\. Then on C we have 

t = 2+(z2— 

where (z^ — 1)* has its principal value and ^ varies from 0 to 27r. 
It now follows, exactly as in § 11.12, that 


rr 

P^{z) = r {z+(z^—iycoa4>}”'Cosin<f>d<f>. 

ni IT J 


Now by the lemma of § 11.61 we have 

COB mi = (—1)’"-^ . 

(2m)! d/x”* 
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where fi denotes cos^. We can, therefore, write this definite 

integral for P^{z) in the form 


. 2’”m!(n+m)! 


M— irff lu 

-~j (»+(*■-!)«”- 

-1 


Integrating by parts m times, we deduce that 

Finally, putting fi — cos <^, we obtain a second definite-integral 
formula for namely 




2^"m! (n-f-m)! ( 2 :-— 1)*”* 
(2mf) \ {n—m)\ tt 


J 


d(f>, 


valid when the 2-plane is cut along the real axis from — 1 to 1 
and (2^—1)* has its principal value. 

It should be observed that the two integrals of this paragraph 
reduce to Laplace’s first integral for the Legendre polynomial 
when m is zero. 

Example 1 . Show that, when the 2 -plane is cut from — 1 to 1 and 
( 2 *— has its principal value, 

n 

{ 2 +( 2 *— l)'/='cos^}" = i?,( 2)+2 2 

TO =1 ' 

Example 2. By applying the transformation 

{ 2 -f-( 2 *— l)^^^cos ^}{2 — ( 2 *— 1 )^/*COS 0 } = 1 

when 2 > 1 to the second definite integral of § 11.62, show that 
♦ 

Pni^) = ( 2*— 1 I { 2 - 4 ( 2 *— l)^/*cosai}”’‘“^“^sin**”ca dca. 

( 2 m)! (n— m)! J 

0 

Deduce that, when the 2 -plane is cut from — 1 to 1 , 

IT 

^ ^ ^m)! J {*+(**- 

0 

where the upper or lower sign is taken according as R1 2 > or < 0, Show 
also that the integral diverges when R1 z = 0 . 
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n(z) = ±(-ir 


n!_ 1 r 

(n — m)! TT J 


{z4 (2* — l)^/*cosa>}'"”^cosmai doj, 


where the upper or lower sign is taken according as R1 s > or < 0. 

Example 4, Show that, if 0 < ^ < tt, 

(cos d±i sin 0 cos 

= P„(cos^) + 2 2 ( i)»»g-n»iri/ 2 — ^ P^{cosd)cosm([>, 
m=i (n-fw)! 

11.63. Integral representations of Qn[z) 

We have seen in § 11.42 that, when z does not lie on the real 
n axis between —1 and 1, 


= 2»Ti J 


( 1 — 
{z-t) 


n+l 


dt. 


From thifi it easily follows by differentiation under the sign of 
integration that the equation 

^ (1— <2)" 


«(*) - (»■ 


_l)im J 


(2_f)n+m+l 


dt 


holds everywhere in the cut 2 -plane. This is the fundamental 
definite-integral representation of from it the 

generalizations of Heine’s integrals (§ 11.43) can be deduced. 
As the analysis runs on exactly similar lines to that of § 11.43 
and § 11.62, we state the results as exercises for the reader. 

Example 1 . Prove that, when z is real and greater than unity. 


Q^(z) - 




a 

'I 


1 )^/®cosh ^}”cosh m0 dS, 


where a = arccoth z. 

Example 2. Show that, if /x — cosh 0, 

2’”m! . , « 


coshm0 = - ,, 

(2m)! 

Hence prove that, when 2 > 1, 


sinh 0 - 


dix.^ 


a 

Qm(*) = f {z-(z*-l)i'*cosh&}«-«>8inh*’»0<W. 

(2m)! (n — m)! J 
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Example 3. Deduce from Ex. 3 that the equations 


0?(2) - 




/ OiWI \ I /m 


i-CT- (**-!)’ 


m!2 \ 


J {2+(2*-l)»/*C08h^}-"-«-isinh*"*^ cUft, 


(n~»n^ J* ■I' ^ )‘^*oosh ^}~"~‘cosh m<f> 

hold ever^'-where in the cut z-plane. 

\ 

1 1 .7. The addition -theorem for the Legendre polynomials 

If © denotes the angle between a fixed line OA and the radius 
vector to the point of spherical polar coordinates (r,0, (^), the 
function P^^^cos©) is a spherical harmonic of degree n. Accord- 
ingly we can express this harmonic as a series of the form 

71 

P„(cos0) = aoP„(cos9)+ 2 {a,„cosm,(l)+h,„smm.(f>)P^{co86), 

m = l 

where the coefficients and arc independent of d and In 
particular, if A has polar coordinates (ri,6i,0), this expansion 
becomes 

P„ (cos 6 cos + sin 0 sin 0^ cos <f> ) 

n 

= ffo-Pn(cosfl)+ 2 {a^cosm<f>-\-h^sinm4>)P^{cosB), 

771 = 1 

a result which is called the addition-theorem for the Legendre 
polynomials. 

If we write z and for cos0 and cosP^ respectively, this 
addition-theorem takes the form 

PJX) = «o-Pn(2)+ 1 (a,„cosm<^+6„8inw</i)P^(3), 

m=l 

where ^ = zz^—{z^--l)^{z\—\)^Qo^(f>, 

In the present section w^e propose to determine the coefficients 
and for general complex values of z and z-^. 

Let us suppose, in the first instance, that z and z^ are real 
and greater than unity and that 0 ^ <f> ^ tt, so that J is cer- 
tainly positive. The expansion 

Tl — O 
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then holds for all sufficiently small values of h. We now express 
the function on the right-hand side of this equation as a definite 
integral and deduce the addition-theorem by equating coeffi- 
cients of powers of h. 

When h is real, it is easily shown that 
(l-2AC-fA2)-i/2 

= [(z-AZi)2-{(22-l)-2A(32-l)i(2f-l)}c08.^ + A=(2f-l)}]-» 

rr 

= [(25 1) 2h{z‘' 1 )^( 2 ^ — l)^oos<jJ-|- 

— a)]~^ doi 

for every real value of oc. In particular, if we take 

tana= 

1i{z\ — 1 ) ^cos ^ ’ 

we obtain 


(l-2A^+A2)-i/2 

TT 

= ^ J [(z — Azi)-t-{(z“— 1)*- A(zf— l)*cos^}costo-t- 

— IT 

+A(2:i--l)^sin0sin a>]~^ doj 

TT 

= ^ j* [z-l-(Z“— l)*COSCU— A{Zi-|-( 2 f— l)*C 08 (a>-l-<^)}]~^ d(/>. 

— TT 

This formula also holds, by the theory of analytical continua- 
tion, for all sufficiently small complex values of A. 

For any fixed value of h which satisfies the inequality 


Z-V(2*- 

:i+V(2!-1) 


we can expand the integrand of the last integral as a power- 
series in h which converges uniformly with respect to w when 
—TT^co^TT. Accordingly we can integrate term by term to 
obtain 


n—O 

~Zj^2nJ {z-|-(z2-l)‘cosa>}»+i 


4111 


X 
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Equating coefficients, we deduce that 



{s+ (z^— 1 )*C08 ^ 


If we substitute in this equation the value of 

{Zl+(2l— 1 )*COS(w-|-<^)}« 

given in § 11.62, Ex. 1, we find that P„(0 is equal to 


PAli) C ^ L 

2tt J {z 4-(2;“— l)*cosa>}^'+' 


V 



m — 1 


7i\ r COSW(a>H-<^) rftu 

{n^m)\ 7T J {z+(2:---l)icoscu}'*+ 


cosw.{a)+(f>) dcj _ f oonmeodoj 

{z+(z^— l)^COS J {z+ (s- — 1)^C0S 60 }^' +^ 

sinrr/co doj 
{2+(s 2— l)icOSa> 

27 t(— P^(z)co»m<f>, 
n\ 

by § 11.62, Ex. 3, the integral involving sinmeu vanishing since 
its integrand is an odd function of w. 

Wc have thus shown that, when z and Zy are real and greater 
than unity, 

■P«{22l— — 1 )*(Zl— 1 )‘C0S 

= ■P«(2)^r.(Sl) + 2 2 St5|(-1)”'^(2)^(2i)C0STO(^. 

To complete the proof of the addition-theorem, we have only 
to extend this result to general complex values of 2 , and (f>. 

Let us suppose that the Argand plane is cut along the real 
axis from —1 to 1 and that ( 2 “— 1)1 and (sj— 1)* have their 
principal values. When z is any point of this cut plane, z^{> 1) 
and <f> being real, the expressions on each side of the last equa- 
tion are regular analytic functions of z which are equal when 
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z is real and greater than unity. By the principle of analytical 
continuation, the equation still holds for such complex values 
of z, Zj and ^ remaining real. The restriction on z^ is next 
removed in the same way. Finally it is not necessary to suppose 
that <l> is real, since the addition-theorem expresses the equality 
of two polynomials in and 

We have thus shown that if z and are any two points of the 
Argand plane supposed- CMt along the real axis from — I to I, and 
if (f> is any complex number^ the equation 

P„(C) - Pn{2)W+2 2 

where J = zz^— (z^— l)i(zf— l)*cos<^, holds provided that (z^— 1)* 
and have their principal values. 

Example. Prove that, when and <j> are real, 

i^(cos 6 cos 6 1 -f- sin d sin 0^ cos ^ ) 

m 

= P„(cos^)P„(cos0i) + 2 2 |^^^^|^||P,7(eos^)P^(cos^Jco8m 

11.8. Legendre functions of non-integral order 

In the present chapter we have only discussed the solution 
of the associated Legendre equation in the case when ni ^ n and 
m and n are positive integers or zero, tlie case which is of most 
frequent occurrence in physical problems. For a discussion of 
the solution in the general case when m and n have any real 
or complex values, we refer the reader to the original memoirs, 
in particular those of Barnes| and Hobson f. 

REFERENCES 

H. Bateman, Partial Differential Equations of Mathematical Physics 
(Cambridge, 1932), Chap. VI. 

E. W. Hobson, The Theory of Spherical and Ellipsoidal Harmonics 
(Cambridge, 1931). 

G. SzECO, Orthogonal Polynomials (New York, 1939). 

E. T. Whittaker and G. N. Watson, Modern Analysis (Cambridge, 
1920), Chap. XV. 

f Quarterly Journal of Math. 39 (1908), 97-204. 

i Phil. Trans. (A), 187 (1896), 443-531. See also Hobson’s book cited above. 



308 


LEGENDRE FUNCTIONS 
MISCELLANEOUS EXAMPLES 

1. Show that the value of the integral 
1 

J z(\-z^)P'^(z)P'^(z)dz 
-1 

is zero unless m = 1- Find the value of the integral in these excep- 

tional cases. 


2. Prove that, if m > n, 

1 

Jp'(2)P'(3)dz = ~<j^-^l{3m(m+l)-n(n+])-l 6) or 0 

according as m — n is even or odd. 

3. Prove that 

p.. if dh 

2771 J + 

• c 

where (7 is a simple closed contour enclosing the origin but neither of 
the points 1)^^^; the branch of (1 — 2^2+7^*)*/^ is that which 

reduces to 1 when h = 0. 


4. Deduce from Ex. 3 that 

1 f h^dh 

2771 J (l-2hz+h^y'f^* 

r 

where F is a simple closed contour enclosing both the points z-j^ ( 2 *— 1 
the branch of {l — 2hz-\-h^)^l^ is specified by the condition 
{l-2hz+h^)^l^/h->l 

as Ti- -> cx). 

Hence prove that, when 0 < ^ < 77 , 


P„(COS0) =• 


2/2 

77 


J 


cos{n + 

{cos<f> — cosdyl^ 


0 

the positive square root being taken, t 


d’<f>t 


6. Show that if /?* = + the numbers involved being real, 


P„(Z/i2) = 


nl d~Z^ 


a)- 




e» / 1 , 


R+Z\ 

R-Zl’ 


where R is regarded as a function of the independent variables X, Y 
and Z. 


t This is the Dirichlet-Mohler integral for the Legendre polynomials. To 
prove it, deform the contour F until it consists of two small circles about 
joined by an arc of |/tl = 1, covered twice. 
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6. Prove that the polynomial satisfies the differential equation 


dHo dw 

_2z_ + «(n+l)M> = 2W. 


Deduce that 




7, Show that 


(Christoffel.) 


8. Prove the following generalization of Rodrigues’s formula: 

Cn(2) = (-l)"+"2“M!D-”-Ms*-l)■”-^ 
where D~^ denotes integration from the point at infinity to z. 

9. Show that 




Deduce that 


10. Provo that 


f»=l 

that 

00 

J (2n+l){Q„{z)}^dz - J ( 2 n-l){«?„_i(z)}»d 2 = -1. 
1 1 
1 1 

J (2n+l){<?„(z)}»dz - J (2n-l){a._i(2)}“d2 


Hence show that 


00 00 

J (2n+l){(2„(s)}»dz = 

1 n+1 

1 00 

I (2n+ l){g„( 2 )P 5 - 2 


7t+l 


(Hargreaves.) 


11. Prove that 

Pn(z)Qk(z)-Pk{z)Qn(z) = 1/(1-^^). 

12. Show that 

(1 Z^){PnQn Pn+iQn+i) — (^“H l)*(-^w+l Ck +1 ^nQn)' 
Deduce that, when z does not lie between i 1, 


Z z 

J (2n-l“3)/^+i Qn^i dz — j (2n4- l)^j Qn ^z 


= Z(Pn+i Qn+l-^^n Qn)~~(^n + Qn)* 
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Show also that 
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1 

(2n+l) J P„{x)Q„(x) dx -(2n+3) J P„+i(*)0„+i(x) dx = 

0 0 
1 

J PJ^x)QJix) dx. (Habgreaves.) 


Hence evaluate 
13. Prove that 


'fri+l(2^)Qn-l(2)“”'^»i~l(^)On+l(25) — n(n+ l) * 


14. Show that 
1 


\ 


f (l+xr+«P U)P (X) dx = _ 


(Titchmarsh.) 


-1 

15. Show that 

1 

(TO— n)(m-t n+l) J P„,(x)Q„(x) dx — 1 — ( — 1)™+”. 

-1 

Deduce that, if m+n is odd, 

J P^J,x)Q,,^(x) dx — 1. (Nicholson.) 
0 

16. Prove that 

A 

(2n - 2 to)(2to -1- 2n + 1) J P^n(r)Q^nA^) 

== (Nicholson.) 

17. Show, by the aid of tlie addition theorem or otherwise, that 

1 




Hence show that 

v(T^ = *” 2 '‘”+‘>(t’.4 

n = 0 

Deduce Catalan’s expansion 

CO 

sin->.r = l7rP,(xmn ^ 

(Nicholson.) 

18. Prove that, if n > m, 


J P„(cos 0)cos mO dd 
0 


\t n-\~ ^ )T(\ n — \ m- \- ^ 

r(4n-fi?a4-l)F(Jn— Jm+1) 
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according as n—m is even or odd. Deduce that 
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and 

sin{(2m+ 1 )cos~^ 2 } 


= _ (m+i) Y r(«+»»+i)r(n-m+i) 

(w+i) ^ r(n+w+2)r(n-m+lj^'^*"+*^‘^ •nn(*)}- 

(Nicholson.) 


19. Show that 


J P„(cos ^)sin d6^= 




r(im— ^nH-i)r(iw+in+l) 


when m > n and m—n is odd, and that the value of tlie integral is zero 
in all other cases. (Heine.) 

20. The equation of a nearly spherical surface of revolution is 
r = a{14-tP^(cos^)}, where € is small. Show that, if be neglected, its 
volume and surface are respectively 

47ra3/ 36*1 2/1 . i + ^ + 

3 {^■^2n+ir 4woJl + i£ )• 

21. Show that if m > n and « > 0, 

1 


^n—8 


( 2m 4- 2n - 25 + 1 
— 1 

where = 1 .3.6...(2m— 1). (Ferbebs.) 

22. Prove that 2 -~ 


2K 


0 7r(l-2W)V2’ 

where K denotes the complete elliptic integral! of modulus 


‘7(ra&)- 


(Gebonimus.) 


23. Show that, if |/i| is sufticiently small, 

^h^Q„(z) = (l-2fe:+A»)-*/2arcoosh-^^-j. 

24. Prove that 

/„ , ,1 V (2w4-n+4)r(m-i)r(OT+n+i)^ 

= -(n+l)2^ V«»+«W- 


277. m!(m+n+ 1)! 


I The complete elliptic integral of modulus k is ^ dtj {(I — t^){l—kH*)}, 

0 


See § 14.42. 
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26. If a: > 1 and y = ^(x*— 1), show that 

TT 

Jp„(l+2y»smV)d^ = ir{P„{®)}>. 

26. Prove that, if — 1 < < 1 and < ajj < 1, 

I I dxP,(^M,) = 

0 -1 

where _ xri+(l— x*)V*(l— x5)*/^co8(^— ^i), 

^ xx,-f (1— X*)>^*(1 — X^)’/*COS((^-^j), 

I = XiX,+(l-xf)‘/*(l-X*)V2cOs((^l-(^j), 


(Nicholsox.) 



CHAPTER XII 
BESSEL FUNCTIONS 


12.1. Bessel’s differential equation 

In the present chapter we determine the complete solution of 
Bessel’s differential equation 


d^w 

dz^ 


+i-+ 

dz^ 



w — 0 , 


where v is a constant. It is an equation of the confluent hyper- 
geometric type considered in § 10.61, and has a regular singu- 
larity of exponents at the origin and an irregular singularity 
at infinity. 

This differential equation is of frequent occurrence in physical 
problems. For example, it arises in the determination of the 
solutions of Laplace’s equation associated with the circular 
cylinder, and so its solutions are sometimes called cylinder func- 
tions. For suppose we transform Laplace’s equation 


if-V dW 
^^2 + 072 + ^22 


to cylindrical coordinates (p, <(>, Z) defined by the equations 
X = pcos<f>, Y = psin<^; 


this gives 


1 d^V 
8(jfi 


4.Z —4-S. 4-' ■ ^0. 

1 ^ a I '} aJ‘> I r 


d-V 


dW 1 dV 

dp^ p dp p^ 

It follows that the expression 

V — e^%’(p)cos(r(^+e), 

where h, v, and c are constants, is a solution of Laplace’s equa- 
tion provided that w satisfies Bessel’s equation 


drw 1 dw 
dp^ p dp 



with independent variable kp. 

In most physical problems F must be a one-valued function 
of position in space, and so v must be an integer. In this case 
the exponent-diflFerence at the origin is an integer and it turns 
out that it is impossible to express the complete solution in 
powers oi z. It will, therefore, be necessary to distinguish 
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between formulae which hold for general values of v and those 
which are valid only when v is an integer. We do this by 
adopting the convention, usual in this subject, that the para- 
meter occurring in BesseVs equation will be denoted by a Roman 
letter instead of a Greek one in any formula which holds only for 
integral values of that parameter. 


12.11. The Bessel functions 


If we write z- 4a: and denote by & the o 
Bessel’s equation becomes 


peratoJ^ 


xdfdXi 


{d'-—\v^)w-\-xw = 0 . 

This equation is satisfied formally by the scries 


W — C^X^y 

r = 0 

provided that a is a root of the indicial equation ~ 

the coeificients c,. being connected by the recurrence formula 
{(a:-j-r)2 — = 0. 

Now if we take a = 4*^, the recurrence formula becomes 
(v+r)rc,+c,_i = 0, 
which is satisfied by taking 

c = 

r!r(.'+r+i)’ 

where A is independent of r. Hence 


w = 


Azi” 2 

r=-o 


r! r(i/+r+i) 


is a series solution of the equation in question. But since this 
infinite series converges uniformly and absolutely in every circle 
|a:| ^ i?, the formal processes by which this solution was ob- 
tained are valid all over the a:-plane. We have thus shown that 


w 


= Ax^^ 


{—xf 


and, similarly, 


w = Bx~^^ 


r\ r(v+r+l) 

^ 

^r!r'(— v+V+l)’ 


r =0 

CO 

NT 


r »-0 


where = 4a:, are two solutions, not necessarily independent, 
of Bessel’s differential equation of order v. 
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We now define the Bessel function of the first kind of order 
V to be the function _ 

Jyiz) (sz) ^r!r(v+r+iy 


where {\zY = exp(i^log| 2 ), the logarithm having its principal 
value. The function is thus an integral function. 

In this notation, the expression 


2 .; = AJ^{z)+BJ_^(z) 

is a solution of Bessel’s differential equation depending on two 
arbitrary constants; it remains to determine whether it is the 
complete solution or not. In the first place, it is obviously not 
the complete solution when v = 0, since it then reduces to a 
constant multiple of Jq{z), Again, if ti is a positive integer, 
we have ^ 

^ (-^Yibr 

J-iM) = (*2) “^r!r{— w+r+1) 




(- ir(izp 

r(-n+r+l) 


= (i2)» 2 


r(n4-4r+l)5! 


(-1W), 


since 1 /r(<) vanishes when ^ is a negative integer or zero. The 
solution we have just obtained is therefore not the complete 
solution when v is an integer, since it then reduces to a constant 
multiple of J^,(z). The nature of the complete solution in this 
case accordingly requires further investigation. 

When V is not an integer each coefficient in the expansions 
of J^(z) and J-^(z) is finite and non-zero. The functions J^,{z) and 
are, in this case, evidently linearly independent solutions 
of Bessel’s differential equation. 


Example. Prove that the Wronskian of Jj^z) and J^y(z) is 


A(J,. J_,) = 


28ini/7r 

TTZ 


By § 10.11, Ex. 2, we have A(u^, = Cjz, where G is a constant. 

Now when \z\ is small, 




r(v-hi) 


{1 + 0(2*)}, 


J'M 


{\zY-^ 

2r(v) 


{1 + 0 ( 2 *)}. 
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Hence 
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A(J„ J_,) = W-,(z)-J’,(z)J_Jiz) 

[ Fo^) r( -V) ~ f(r^r(v)] t + 


2 sin vn 


+ 0{z). 


Comparing tlic two expressions for the Wronskian, we find that 

2sini^ i 

A( J_,) = — . 

TTZ \ 

This result shows that *4(2 ) and J^y(z) are linearly independent if 
not an integer or zero. 


V IS 


12.12. The recurrence formulae for J^{z) 

As JJz) is the limiting form of a certain hypergeometric func- 
tion, we should naturally expect that Gauss’s formulae con- 
necting contiguous hypergeometric functions would provide, in 
the limit, recurrence formulae connecting Bessel functions. This 
is indeed the case, but it is much simpler to prove these recur- 
rence formulae directly from the definition of Jy(z). 

The first recurrence formula states that 


For 






- (te)-.r y -tw _ y _ 1 

“ [^^r!r(v+r) ^^r\r(v 


(i) 


r(v+r+2) 

i)r+i 1 

r{v+r+ 2 jj 


2 {r! f(H-r) (r-i)! r(“.+r+i)h 

’ Z,r!r(v+r+l) 


2v T / \ 

— Jy{z), 

z 


the reordering of the terms of the two infinite series being 
justifiable on account of their absolute .convergence. 
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Similarly we see that 

- 2jrif(v+?)+(r-r)rr(;+^+i)l(“4) ] 

and so •/.-i{ 2 )-*^k+i( 2 ) = 2J;(2), (ii) 

where the accent denotes differentiation with respect to z. 
From (i) and (ii), the remaining recurrence formulae 

-« 4 ( 2 )+«/v( 2 ) =" *^^-1(2). (iii) 

z 

and - J^(2)- j;(z) = J^+i(2), (iv) 

z 

may be easily obtained. 

Example 1 . Prove by induction that, when m is an intt>ger, 


ou 

(\zr = 2 


(m-l 2n)(m--hn— 1)! 




Example 2, Show that, if m is any positive integer, 

(sdz) =■■3*' 

Example 3. Prove that, if v is real, there lies precisely one zero of 
between any two consecutive real zeros of z~^J^(z). 

Example 4. Show that 

TTZ 

Example 5, Provo that 

Deduce the values of J±i(z), 

Example 6. Show that, \^ a ^ ^ and v > — 1, 

(a‘-i3») J tJM)W dt = x[jA«x)^-^ 

0 

2ot* J t[J,(at))'‘ dt = («*»;*— i’*){J^(Q(a:)}*+|x^!^~ I . 

® (Lommel.) 
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Example 7 . Prove that, if i/ > —1 and a and j 3 are distinct zeros 
of JJ,x), then i 

I dt = 0. 


f l{JAcd)Y dt 


Hence show that, when v > — 1 , the zeros of J^,(x), apart from aj = 0, are 
all real and distinct. (Lommel.) ^ 

12.13. Schlafli’s contour integral for J^(z) \ 

If we use Hankel’s formula 


1 

. r(r+r+l) 


1 

27ri 


(04 ) 

I 


— GO 


e'f-*'-’’-* dt, 


where |arg<| ^ tt on the path of integration, we obtain 




“ 1 

r-0 ‘ 


We consider, therefore, the function 

(0 + ) 


obtained by inverting the order of integration and summation 
in this last expression. 

By applying the theorem of § 5.51, we find that F{z) is an 
integral function whose derivatives of all orders can be obtained 
by differentiating under the sign of integration. It follows that 
the Taylor expansion of F{z) is 


m = 2 

r=0 


2'Tnr\ 


( 0 +) 


Thus ^"( 2 ) and (lz)-^J^{z) are integral functions with the same 
Taylor expansion and so are identical. Hence we have 
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where larg<| < tt on the path of integration. This result is due 
to Schlafli.f 


12.2. The Bessel functions of integral order 

When n is a positive or negative integer or zero, Schlafli’s 
integral 

— oo 

has as integrand a one-valued analytic function of t whose only 
singularity of finite affix is an essential singularity at tlie origin. 
Hence we can deform the path of integration, without altering 
the value of the integral, until it consists of the circle \l\^ i\z\R, 
provided that is not zero. Making the substitution t = \zu, 
we find that this gives 

•4,(2) = J exp{^z(tt— du, 

a 

where C denotes the circle \u\ R. This formula evidently 
holds also when C is any simple closed contour encircling the 
origin. 

In particular, if w^e take for C the circle \u\ = 1, on which 
u — where — tt < 6 ^ tt, we obtain the formula 

TT 

ZTT J 

— IT 

Tt 

_L j ^^-inO+izBmd_^^ind~izR\nd'^ ^ 

277 J 
0 

TT 

and hence J^J^z) = - cos(n0-— ssinff) 

^ J 

0 

This is BcssersJ integral for 
Example 1. Show that 




cos(z cos i)t7r)cos nd dO. 


t Ann. di Mat. (2). 5 (1873), 204. 


X Berliner Abh. (1824), 1-24. 
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Deduce, by the use of Jacobi’s lemma, Poisson’s integral formula 


Jniz) = 


(iz) 


TF 

-- f 


cos(z cos 0)siii*"0 ddy 


r(n+i>r(i)^ 

where n > 0. 

Example 2. Show from the series definition that 




os (2 cos d)Hin-*'d dd. 


0 

provided that Rl(i/+i) > 0. 

Example 3. Prove that, if z = 'x-\-iy and if v is real and not less 


than 


K(2)I < r(i/+i)' 


Example 4. Show that 


J cos(v^— 2sin^) dO 


satisfies Bessel’s equation of order v only when v is an integer. 
Example 5. Show that 


J 




whore the path of integration is any curve joining the points ±7ri. 


12.21. The generating function for J,,( 2 ) 
We have just proved that 


Jniz) = 



V 




du 


where C denotes any circle with centre at the origin. Since the 
only singularity of the integrand is at the origin, it follows 
immediately from Laurent’s theorem (§ 4.52) that 

— <50 


tlie series converging uniformly with respect to u and z when 
u lies in any annulus 0 <: ^ 1^1 ^ R^, and z lies in any 

bounded closed region. 

The functions are therefore the coefficients in the expan- 


I if 
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sion of the generating function e**<“*^/**^ as a Laurent series in u, 
and, for this reason, are sometimes called the Bessel coefficients. 
This expansion was, in fact, Schlomilch sf definition of the 
Bessel coefficients, and from it he derived many of their prin- 
cipal properties. 

Example 1. Show by means of Schlomilch ’s generating function 
that the Bessel coefficients satisfy the recurrence formulae of § 12.12, 
and hence that they are solutions of Bessel’s differential equation. 

Show also that «/_n(2) = = ( — 1 

Example 2. Prove that 

gitaiae = J^(z)-\-2 2 Ja„(z)cos2n0+2i 2 •/an+i(2)sin(2n+l)^, 

1 0 

and deduce the Fourier series for cos(zsin^) and sin(2:sin0). (JacOBi!) 

Example 3. Prove that 

1 = Jo(2)+2|;jr,„(z), 

1 

s = 2 2(2n+l)*/jn+i(z). 

0 

izcosa = Jj(z)— 9 J,(z)+25Jj(2)— 

Jzsinz = 47j( 2)— 16J4(2)+36Je(s)— • (Lommel.) 

Example 4. Show that 

J„(z+z') = 2 (K. Neumann.) 


12.3. The solution of Bessel’s equation by complex in- 
tegrals 

We have already seen (§ 12.2, Ex. 5) that Bessel’s differential 


equation 

is satisfied by 


„d?w , dw , , „ 


w 


TTl 

== J dt 


when V is an integer. We now propose to determine whether 
there exist solutions of the form 

b 

W = j ^sinh(-vi dt 

a 

for general values of v. 

t ZHUchrifi fiir Math, und Phya. 2 (1867), 137-65. 
y 


4111 
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It should be observed that the integrand is an integral func- 
tion of t, so that the integral is independent of the particular 
path of integration which joins the points a and b. It is, more- 
over, useless to consider integrals of this type round closed 
contours since they all vanish identically. 

When the limits a and 6 are finite, we can differentiate w 
under the sign of integration to obtain 

, / o ox i 

V 

b \ 

= J c^®^“‘^^-’'‘^(22cosh-^+2;sinhf— 1/2) 
a 

This result fiho holds when one or both of the limits are infinite 
provided that the integral for w converges uniformly. If we can 
choose a and h so that this last expression vanishes, it? is a solu- 
tion of Bessel’s equation. 

When the limits are zk^h we have 

[■g2flinht-W(2:cosh^4'^)]r^,. = 2i(z—v)sinv7T. 

Tri 

Hence w j di 

— tri 

is a solution of Bessel’s equation if and only if v is an integer 
or zero. 

When V is not an integer or zero, the appropriate values of 
a and b are given by the considerations which follow. 

Let us consider now a path of integration consisting of the 
negative part of the straight line Im ^ = a, the imaginary axis 
from ai to pi, and the positive part of the straight line Imt = p. 
The limits of integration are then — oo-f ai and +oo+pi in the 
usual notation. We suppose, moreover, that z = lies in a 
bounded closed region D for which — ^tt + a + S ^ ^ iTT+a-S, 
where S is an arbitrary positive number. 

When B is positive, we have 

R 1 { 2 ; sinh( — 

= ^re-^co8{0+(x)—ire^coQ{d^<x) < Jrc^sinS. 
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If V = X+ijjL, it follows that 

^ (rcosh iJ+ !i'|)exp(ire-*— Jre%inS+Ai?+/i(3<). 
Since by hypothesis r is bounded in D, we deduce that 
[e*«'nhi-W(2C0sh <+>')], ^ 0 

as iZ -> 00 , the convergence being uniform with respect to z 
when z lies in D. In a similar manner we can show that 
[■e^8inh/-W(2C08h -> 0 

as iZ -> 00 , provided that j8 = the convergence being 

uniform with respect to z when z lies in D. 

Lastly, it can be shown without much difficulty that, under 
these conditions, the integral 


oo+jSi 



— oo+at 


converges uniformly with respect to z when z lies in D, Hence 
w is an analytic function, regular in Z), whose derivatives can 
be found by differentiation under the sign of integration, and 
so w satisfies all the conditions necessary to make it a solution 
of Bessel’s equation of order v. 

We have thus shown that the functions 


Q0 + (7r-a)i 00 — (7r + a)i 

I sinh l-vt J ^Klnhl-vl^l 

— oo + ai — oo + ai 

are solutions of Bessel’s equation of order v, valid when z lies 
in the angle — iTr+a+S argz < ^7r+a— S, where S is an 
arbitrary positive number. It is evident, moreover, that the 
paths of integration can be any contours which are asymptotic 
to the particular contours defined above. 


12.31. The Hankel functions 

In particular, we find, by taking a = 0, that 

OO + TTi 

TTl J 
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00 — TTl 

m J 


are solutions of Bessel’s equation of order v, valid when 
|arg 2 | < in. These functions are called the Bessel functions of 
the third kind, or, more briefly, the Hankel functions'^ of order v. 

The analytical continuation of these functions for other ranges 
of values of arg z is provided by the formulae 

oo + (7r— a)i 

J 

— oo + ai 

00 — (7r+a)i 

^f(,2)(z) = — i, f 

TTl I 

— CO + ai 

where — arg 2 \tt-\-ol — S and S > 0. The argu- 
ment by which this is proved may be illustrated by considering 
the case when a = lir. 

is defined when |arg 2 | < irr, whilst 

— j 

■ni J 

— ® + ini 

is a solution of Bessel's equation when 0 < argz < tt. We have 
to show that these two functions are identical in the first 
quadrant, their common region of definition. 

Let us suppose that 0 < h ^ arg 2 < S. If we apply 
Cauchy’s theorem to the rectangle with vertices ^rri, B+^ni, 
B-\~7ri, ni, we find that 


R+ni 


R + ini 


R + ni 


I gzimhl-vtji^ I gzsinhl-^l + J 

ini ini K + iTri 

But, on account of our restrictions on arg z, the second integral 
on the right-hand side tends to zero as oo, and so 

® + 7ri w + iTTi 

J e' dt = / 


ini 


ini 


t So called because it was Hankel who first realized their importance. The 
definition adopted here is not the usual one, but is essentially equivalent to 
that of Hopf and Sommerfeld, Archiv der Math, und Phys. (3), 18 (1911), 1-16. 
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Similarly we can show that 

irri |7ri 

J gzainhi-vl — J ^Biabl-vt fH 

— w —OO-HiTTi 

Hence, when z lies in the first quadrant, 

® + cc-f-^Tri 

I g2Slnbl-vl fl{ — I Blah t-vl fit ^ 

-oc —00 — Jtti 

which is the required result. 

In this way the Hankel functions are continued analytically 
all over the 2 -plane. It will, however, be observed that the 
functions so defined are not one-valued, but possess a branch- 
point at the origin, even in the case when v is an integer. I 

Example 1. Show tlmt H%(z), W“l(z) are also solutions of Bessel’s 
equation of order v by proving that 

m\{z) - H%(z) - 

Example 2. Prove that the Hankel functions satisfy 

the same recurrence formulae as Jv(z), 

Example 3. Show thatj 

= 2cosvrrH^^\z)-\-e^‘^^IV^\z), 

Hence prove that 

Hf\ze^^^) = (4cosW— l)/ii^’(2)-[-2cosi/7re''"*//[,^X2^). 

(Weber; Graf.) 

12.32. The connexion between the Bessel and Hankel 
functions 

We shall now show that the Hankel and Bessel functions are 
connected by the relations 
2J,(2) = 

2J_^{z) = e‘’"Hff^{z)+e-'’”‘Hf'>{z), 
provided that% |argz| < tt. 
t See Ex. 3. 

J It is simplest to prove these formulae m the first instance when |arg zj < ; 

in this case jn < arg( 2 C"^) < \tt. The formulae for general values of z follow 
by analytical continuation. 

§ This restriction is needed since the Bo.ssol functions are not defined outside 
this range of values of arg z. The formulae we are about to prove may be used 
to extend their range of definition. 
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If z — rc*‘, where — w <d < it, the formulae of the previous 

section give oo+(,r-9)i 

= — • (* exp(re®%inh<— v<) £i<, 

TTl J 


-oo-h0i 

«i-(rr+d)i 


Hence we have 


; r exp(re®‘8inh<— W) 

TTl J 

-00 + 01 

have oo-0i+^i ! 

f exp(re^^’sinh/— i'/) 

2771 J \ 


00 — 01 — 711 


the path of integration being the positive part of the line 
Im^ = —77—6, the imaginary axis from — (7r+6)i to (tt- 6)i, 
and the positive part of the line Imf = rr—d. If we make, in 
turn, the two substitutions t — u—6i, c“ = 2v/r, we obtain 

OO + TTl 

i{Hl^\z)-\-H^^\z)} = f ex]){re^^sinh(u—di)—vu-\-iSi}du 

^TTl J 

00 — m 


1 r « 

= - . exp{|re“— iSre-®'e““}- — du 

00 — TTl 

= 2«- J 

— 00 


But this last expression is Schlafli’s integral for and there- 

J„(z) =. m^\z)+Hi^Kz)}. 

From this we deduce that 


a result which reduces to f/_^(z) = (— 1)”«4(^) when n is an 
integer. 


12.33. The complete solution of Bessel’s equation 

Although the Hankel functions are merely linear combina- 
tions of the functions J^,(z) and J.y{z) when v is not an integer, 



BESSEL FUNCTIONS 327 

they possess, as we shall prove, the remarkable property of 
being linearly independent solutions of Bessel’s equation for all 
values of the parameter v, so that the complete solution is 

w = AIl<^\z)+BHi^\z), 
where A and B are arbitrary constants. 

For when v is not an integer, the Wronskianf of J^(z) and 
is given by 

A(j„, = j„(2)j:„(2)-j;(s)j_„(2) 

= i [{7/^(2) + //<2)(2)} ^{c-*//<>)(2) + 

-{e-*i7<»>(2)+e-’-/7J,2)(2)}|-{77‘i'(2)+.H(2>(2)}j 
= -^isinv7rA(77<,i),7/<2>), 

and so, by the example of § 12.11, 

A(//<i*,7/<2)) == . 

mz 

But, for any fixed value of z, the Hankel functions are integral 
functions of v, and so, by continuity, the Wronskian of 
and is 4l(7Tiz) for all values of v. ^ince the Wronskian 

never vanishes, H^^\z) and are linearly independent solu- 

tions of Bessel’s equation. 

12.4. The Bessel function of the second kind 

In view of the fact that the behaviour of J^{z) near the origin 
is much simpler than that of the Hankel functions, it is very 
desirable to retain it as one of the standard solutions of Bessel’s 
equation. As a second solution we take Weber’sJ function Y^{z), 
defined by the equation 

y,(2) = 1{/7<1)(2)-.H<=*>(2)}, 

for all values of the parameter v. Remembering that 
J,(Z) == 1{/4^>(z) + /42)(2)}, 

we see that the linear independence of J^[z) and Y^(z) follows 
t See § 10.11, Exx. 1, 2. 

X Journal fur Math. 76 (1873), 9; Math. Ann. 6 (1873), 148. There are 
several other definitions of a second solution of Bessel’s equation, the present 
one being the most satisfactory. See WaUon, Besael Functional § 3.5 ot seq. 
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from that of the Hankel functions. YJ^z) is usually called the 
Bessel function of the second kind. Evidently Yy(z) satisfies the 
same recurrence formulae as JJ^z). 

When V is not an integer, it follows from the formulae of 


§ 12.32 that 


YA^) = 


cosvnJAz)—J-A^) 


sin VTT 


When V is an integer, this formula fails because the nuifierator 
and denominator are then both zero. But since the Hankel 
functions are continuous functions of v, so also is Y^z). Hence 
the value of Weber’s function of integral order is given by the 
equation y. v r / \ 


Sm VTT 


12.41. The series for Y^fz) 

If we substitute in the formula 


YA^) = 


co^vttJAz) — J-A^) 
sin VTT 


the power series for the Bessel functions, we obtain the expan- 
sion 


YAz) — cotw 


r=0 


(-K-r 

r! r(i/+r+l) 




valid when v is not an integer. This formula fails when v is an 
integer. 

Now by the ordinary rule for finding the limit of a quotient, 
we have 

Y^(z) 


sm VTT 


= limfcosi^TT^ — TTsinwe/^- 

I 


dv 


'I j {tt cos vtt] 



Moreover, since Y^J^z) = (—^)^Yj^(z), it suffices to consider only 
the case when n is positive or zero. 
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Denoting the derivative of log r(<) by ^(t), we find that 






r=0 


r! r(v+r+l) 


{log(j 2 )— ^(i/+r+l)} 


as V -> 71 . 

When n is positive, we have to consider separately the first 
n terms of the series for dJ_Jdv since r(— i^+r+1) and 
tp{-~v+r+l) have poles at v == n when r takes the values 
0, 1, 2 ,..., n—1. This difficulty does not arise when n is zero. 

When r = 0, 1, 2 ,..., n—l, we have 


dv 


r!r(-i.+r+l)J TTVI J 

= [\z ) ^ __ log iz + ^ COS VTT + sin VTT «/» (v — r )] 


Trri 


( - 1 )»( Jz)-"+2'- 

ri 


&a v->n. Treating the terms for which r ^ n in the straight- 
forward way, we see that 


(- 1 )” 


dv 


n — 1 


(n— r— 1) 


r*0 


rl 




8 = 0 


as V ->• n. Hence, when » is a positive integer, Weber’s function 
can be expanded as a series of the form 


y,(,) = ^ 2 K^B )' 

r=0 

This formula also holds when n = 0, the terms in the second 
line being omitted. It is sometimes useful to modify this formula 
by writing 

^{\) = -y, ^(m+1) = 

where y denotes Euler's constant. 
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12.5. The asymptotic expansions of the Bessel functions 

Althougii we have now represented the complete solution of 
Bessel’s equation by series of ascending powers of z (multiplied 
in some cases by log 2), which are convergent for all values of 2, 
the convergence is, unfortunately, so slow when \z\ is large that 
an examination of the initial terms of such a series gives 
practically no information regarding the value of its supi. To 
overcome this difficulty, we now propose to determine, by^ means 
of the method of steepest descents,! expansions of they^esscl 
functions in inverse powers of 2 which are asymptotic in '^Poin- 
care’s sense, even though they are divergent for all values of 2. 

The method of steepest descents, J which was devised by 
Debye§ to obtain asymptotic expansions of Bessel functions of 
large order, consists essentially in representing the function 
under consideration by an integral along a patli with a particular 
geometrical property. 

Let us suppose that we wish to find the asymptotic behaviour, 
when |2| is large, of a function defined by a contour integral of 

the form . 

j dw 

which converges when RI2 is positive, the functions /( m?) and 
F[w) being analytic functions of iv, regular in a region of the 
^e-plane which contains the path of integration. The path of 
integration is to be deformed, if possible, until the following 
conditions are satisfied: 

(i) the path of integration goes through a zero oif'(w); 

(ii) the imaginary part off{w) is constant on the path. 

To obtain a geometrical picture of this, we consider the sur- 
face defined by the equations 

w = u+iv, t = 'Rlf{w) 

in a s|)ace in which (w, v, t) arc rectangular Cartesian coordinates. 

t For an account of other methods of determining these asymptotic expan- 
sions, see Watson, Bessel Functions, Chap. VII. The only application of the 
method of steepest descents to the present problem seems to be that of Meijer 
{Proc, Kon. Akad. Wet. Amsterdam, 35 (1932), 657-67, 852-66), although 
Sommeifeld and Hopf (loc. cit., p. 324) used it to find the dominant term. 

i Sometimes called the saddle-pomt method. 

§ Maih, Ann. 67 (1909), 535-58; Munchener Sitzungsbcrichte (5), 40 (1910). 
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The height of a point on this surface above the plane t ~ 0 can 
never be a true maximum or minimum, since i satisfies the 
partial differential equation 


m 

du^ dv^ 


The surface may, hpwever, possess points at which the tangent 
plane is parallel to ^ — 0, and these are necessarily saddle - 
points. At such a saddle-point, dt/du and Hjdv both vanish, and 
hence, by the Cauchy-Riemann conditions, f('tv) also vanishes 
there. 

If we construct a map of this surface on the (t/, ?7)-plane by 
means of contour lines, the curves of this inaj) on which the 
imaginary part of f{w) is constant are everywhere orthogonal 
to the contour lines and so are the projections of the paths of 
steepest ascent or descent on the surface. 

Let us suppose that it is possible to modify the path of 
integration in this way without altering the value; of the integral 
and so to express the function as a sum of integrals along paths 
of steepest descent starting at a saddle-])oint Wq, Jntc^grals along 
paths of steepest ascent cannot occur as they evidently diverge. 
On a path of steepest descent, f{tc) where r is real 

and positive and increases indefinitely as we move away from 
the saddle-point. We have, therefore, to consider the behaviour 
of a sum of integrals of the form 


<x> 



when \z\ is large. To each of these we can, in general, apply 
the result of Watson’s lemma {§ 9.52), and so deduce the re- 
quired asymptotic expansion. 

This brief explanation of the method of steepest descents will 
be made clearer by a consideration of the following section. 


12.51. The asymptotic expansions of the Hankel func- 
tions 

In the present section we find an asymptotic expansion of 
the Hankel function by applying the method of steepest 
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descents to the integral 

Q0+(7r— a)i 

J gSSlnh<-i-<^^ 

— oo-hai 

where |arg( 2 e~“^)| < From this the asymptotic formulae for 
the other solutions of Bessel’s equations are easily deduced. 

The saddle-points are given by the equation cosh t =j= 0 and 
so are I = where n is an integer. Of these, i^== ^rri 

lies on the path of integration Tor all values of a. If wCi make 
the substitution t = ^7ri+n\ we find that ' 

^^•g§v7r?^a)(2) = j exp(ze^^^‘coshw—vw}dw 

00“ 4(7r~at)i 

' ao + i(7r~a)i 

= 2 J exp{2:e*’^*cosh?i;}coshrif; 

u 

To bring this formula into agreement with the theory of the 
previous section, we write z — so that |arg^| < This 
gives acf(y“/})i 

^2 J exp[^e^*'coshi^}coshrz/; 

0 

where j8 = a+-i7r. Wc have now to see whether there exists 
a path of steepest descent which starts at the origin and goes 
to infinity in the required direction. 

Let us suppose that 0 < j8 < 277. The steepest paths through 
the origin are given by the equation 

e^'coshw’ = 


m 


where t is real. If we solve for w, we find that 


so that argi^; or i(37r— j8) asr +0 and argi^ IP 

or ^(277~j8) as t->— 0. There are therefore four steepest 
paths through w = 0, the paths of Steepest descent being 
given by t ^ 0. Moreover, as t->+oo, ~ 1 + 2x6^^“^^^ 

and so w cc+(7T—P)i or — oo— ( tt— j3)i. Hence there is a 
path of steepest descent which leaves the origin in the direc- 
tion arg?/; = ^( 77 — j3) and tends to infinity in the direction 
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^ co-\-('tT—^)i; we can take this as path of integration without 

altering the value of the integral. Hence we have 

ao 

= 2exp{^e^^) f e-^'^cosh uw^ dr 
j dr 

0 

= hxpaef') 

V J dr 

0 

In order to apply Watson’s lemma to this integral, we must 
first show that 


F(r) = 


dsinhvt/; ■ 
~&r ’ 


regarded as a function of the complex variable t, satisfies all the 
conditions of the lemma; these are as follows: 

(i) F(t) is regular, save possibly for a branch-point at the 

origin, when |t| < a+8, where a and 8 are positive; 

(ii) \F(r)\ < Ke^'^ holds when t ^ a, K and b being positive 

numbers independent of t; 

(iii) F(t) can be expanded as a series of the form 

• -P’(t) = i 

valid when |t| < a, r being positive. 

Now, from the equation 

e^^co^hw = eP^—T 


we find that sinh Iw = Jt). 

Since argi4^ as r -> +0, ^KIt) is positive on the path 

of integration. Moreover, sinh Iw is an analytic function of t, 
regular save for the branch-point at the origin. 

On the other hand, sinhi^ii; is an analytic function of sinh 
regular when |sinh|M;| <1. Its Taylor expansion is 


2i;sinh 



(4^2_12)(4^2_32), (4^2_(2r._l)2) 
(2r+r)! 



From this it follows that sinhyK; is an analytic function of t, 
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regular, apart from a branch-point at 0, when [rj < 2. Also, 
for such values of r the expansion 


^inhvw = 


is valid. This implies that, apart from a branch-pointj at the 
origin, F(t) is regular when | t | < 2 and can then be represented 
bv the series ' 


F{r) 


“■?(2T 


+ 2 
r = 1 


2'’(2r)! 


Hence conditions (i) and (iii) .of Watson’s lemma are satisfied. 
Finally, when t is large and positive, 




and 



1 

T 


It follows that there exists a positive number with the pro- 
perty that 

1 6“' I < 3t, < l/r, \dw/dT\ < 2jT 

when T > Tj. But since 

F{r) = vOO^YivW^ 


this implies that there exists a constant A such that 

when T ^ T^. Since |-F(t)| is bounded when 1 ^ t ^ con- 
dition (ii) of the lemma is also satisfied. 

By the formal term-by-term integration whose validity is a 
consequence of Watson’s lemma, we now deduce that, when 
!^! is large and |arg^| < 

2 “ 

= -exp(fe^0 J dr 
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0^^*exp{Ce^‘+i(7r-^)i}[r(i)+ 


r»l 

= 


exp(i^e“"+i7ri}x 


V(_nr(4i'— n(4i^--3^)...(4i^^-(2r-l)2^ 

L 2-^r! (22^e«0’' J' 

In obtaining the expression in the last line we have used the 
duplication formula for the Gamma function. 

If we restore the original variable 2 , we find that 

(2 \l/2 

— I exp{i(2— JvTT— Jtt)} X 

[ 22^r!(2i2)^ J 

is the asymptotic expansion of valid when \z\ is large 

and |arg( 2 e"“’')| < in. 

In proving this formula we assumed that |arg(2e-“*)l < 
where the only restriction upon a is that /3 == a-f^iTr must lie 
between 0 and 27r. If we allow jS to vary over this range, we 
find that the asymptotic expansion is valid when | 2 | is large, 
provided only that — tt < arg 2 < 277. 

We have now shown that, when —tt < arg 2 < 2tt and \z\ is 
large, ike Hankel function is represented asymptotically by 

the series 

where (r.r)~ (V-i»)(4^-3J (4>=-(lL,)=) 


This result, for general complex values of v and z, was first 
obtained by Hankel.f 

Since the Hankel functions are connected by the relation 
fr(2)(2) = 

it follows immediately from the asymptotic expansion of Hl^\z) 


t Math. Ann. 1 (1869), 491-5. 
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that, when — 27r < arg 2 < tt and \z\ is large, has the 

asymptotic expansion 

III]. 

The asymptotic expansions of the Hankel functions for other 
ranges of values of arg z may be deduced from the formulae of 
§ 12.31, Ex. 3. 

Although these asymptotic expansions are in the form of 
divergent series, they may be used for computing the value of 
the Hankel functions, since the error incurred by terminating 
the series at any point is of the same order of magnitude\as the 
first term omitted. More precise information on the magnitude 
of the error will be found in § 7.3 of Watson’s treatise and also 
in the series of papers by Meijer already cited. 

Example 1 . Prove that the formulae 

L f»=0 

-sin(*-4w-j7r) ^ ~ (2z)‘ '^ 

L i-=0 

+coB(z-im-in) 2^ ( 2 «)» J' 


hold for large values of |zl provided that [argzj < tt. 

Example 2. Show that the asymptotic expansions for the Hankel 
functions terminate when v is half of an odd integer. Deduce that, if 
i, n+i where n is a positive integer or zero, 

(-ir(n4-2r)! 


— ^w/2 


+ cos( 2 — iriTr) 2 
r-O 

[ <nl? 

cosiz+inn) ^ 


( 2 r)!(n- 2 r)I( 22 )a^ 

r— 0 

<{n-l)/2 




(_l)r(n-f2r+l)! 
( 2 r 4 'l)!(n- 2 r-l)!( 22 )*"+i 

(-.inn4-2r)! 


]■ 




(2r)l(n-2r)!(2z)*' 

r=b 

<{n-l)/2 


(-ir(n+2r+l)! 

(2r+ 1)! (n-2r- 1)! (2*)*'+i 


]• 
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[2.6. The Neumann polynomials 

We now propose to investigate the properties of certain poly- 
nomials associated with the Bessel coefficients which are of 
importance in the theory of the expansion of an arbitrary 
analytic function f{z) as a series of the form 

f{z) = 

0 

These are the Neumannf polynomials 0„{t), defined by the 
expansion , ^ 

— = Jo(zmt) + 2 2 Jniz)0„(t). 

t — Z n=l 

We start from the formula 

CO 

0 

which is valid when Rl(^— s) > 0, and use Schlomilcirs gene- 
rating function in the form 

^zBinhw ^ Jq(z)+ f 

ft* 1 

This gives 

00 ^ 

00 

= ^q{^) j *^’cosh w; dw + 

0 

OO ® 

+ Z f e-'«*“»'"’coshw;{e^"’+(— l)”e-”“^} dw, 

ft*i { 

provided that it is permissible to invert the order of integration 
and summation. 

A sufficient condition for the validity of this process is the 
convergence of the series 
00 °° 

2 f \e~^^^^^'^co8hw{e^'^-\-{'—l)^e~^^}J^(z)\dw. 

ft-i J 


t K. Neumann, Journal fur Math, 67 (1867), 310. Tho Neumann polynomial 
was formerly called the Bessel function of the second kind, by analogy with 
the corresponding formula in the theory of the Legendre polynomials. But tho 
terminology is misleading as 0„(^) is not a solution’ of Bessel’s equation. 

4111 Z 
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But if 'Rlt = T > 0 and Imz = y, we have 




< 4|Jj2)|ei^ J dw; 

0 


CO 

< 41J„(2)|et’’ J (/m; 

— CO 


= 4|J„(z)|ei’'(2/T)"+^n! 

< 8|2|"el^+l"7T«+’, 

by § 12.2, Ex. 3. The interchange is thus certainty valid when 

|2| < T. 

We have thus shown that, when 'Kit > \z\, 


= Jo(zmt)+2 2 

n-1 

r cosh 

where 0M)= e-^®^“^^'cosh w? . , nwdw, 

J sinh 

0 

the upper or lower function being taken according as n is even 
or odd. 

The functions 0^,(1) have, so far, been defined only when 
Kit > 0. We now' extend their region of definition and show 
that the expansion of (t—z)-^ is valid under the less restrictive 
condition |z| < |<1. 

Now, when n > 0, we know thatf 


= 2^“^(sinh’^w;- 
sinh [ 


45?=4«inh-=»+ 

2(2?i— 2) ^ 


^ 2.4(2?i-2)(2n-4) ^ j 


the upper or lower function being taken according as n is even 
or odd. If we make the substitution u = sinhu?, we find that, 


t See Hobson, Plane Trigonometry (1911), 106. 
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oo 

^ 2.4.(2n-2)(2n-4) +-j ®«» 


t* 


and so 

6> (<) = :r — ^ i+._. i 

«»+i ( 2(2w— 2) 2.4.(271-2)(2»-4) 

tlie series inside the brackets ending with a term involving 
fn-i in according as n is odd or even. On the other Inind, 

1 

Oo(0 = f w dw =~ 

0 ^ 

We now define 0^{t) to mean these polynomials in \jt, for all 
values of arg^ 

From this definition we see that, when n > 0, 

l^«(<)l < 777;r^ exp(i|<|2), 


SO that, by § 12.2, Ex. 3, 
\J„{z)0„{t)\ ^ 


FI" 


exp({| limzl). 


2|<|"+i 

Hence, when |2| < R and t lies in a bounded closed region for 
which 1^1 > i?+€, where e is positive, the series 

^ .7„(2)Oo(t)+2| J„(z)0„(<) 

n— 1 

converges absolutely and uniformly with respect to z and t. 
Since its sum is when RH > l^l, it follows by analytical 

continuation that this will still be the sum when |<| > \z\. 

We have thus shown that 

(<-2)-' = Jo(2)Oo(<)+2 f J„(z)0„(<), 

n-1 

provided only that 12| < 1<I- 

Example 1. Prove that the Neumann polynomials are connected 
by the recurrence formulae 

(n-l)0„^(<)+(n+l)0„_i(<)-|(M*-l)0„(<) =- |>isin*inir (re > 1). 
^n-i(0 ^n+l(0 = 20„(^) (n > 1), 

-o,(t) - oa«). 

where accents denote differentiation with respect to t. 
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Example 2. Show that O^it) satisfies the differential equation 


d}w 3 dw 


= ffnW. 


where g^it) denotes l/t or nji^ according as n is even or odd. 

Example 3. Show that, if C denotes any simple closed contour about 
the origin, ^ 

J OJz)On(z)dz -^0, 

c 

I •4(2)0n(2) dz =. 0 (w # n), 

c 

I dz = TTi (m > 1). 


12.61. Neumann's expansion theorem 

K. Neumann showed that if f(z) is an analytic function, regular 
when | 2 :| < i?, it can be expanded, as a series of the form 

f(z) = aQt/Q( 2 ) + 2 2 
1 

which converges uniformly in every closed region ivithin |z| = JK. 
The coefficients a^ are given by the relation 

~ 27ri J* 

\t\ = R 

For if z lies in a closed region within the circle \z\ ~ li, we 
have 



\t\^R 


= Li j /wK{W)+2|j-„(2)o„(<)]d<. 

^R 

Since the series occurring under the sign of integration con- 
verges uniformly with respect to z and t, we can integrate it 
term by term to obtain Neumann’s result. 

REFERENCES 

H. Bateman, Partial Differential Equations of Mathematical Physics 
(Cambridge, 1932), Chap. VII. 

A. Gray, G. B. Mathews, and T. M. MacRobert, A Treatise on 
Bessel Functions (London, 1922). 



BESSEL FUNCTIONS 341 

G. N. Watson, A Treatise on the Theory of Bessel Functions (Cam- 
bridge, 1922). 

E. T. Whittaker and G. N. Watson, Modem Analysis (Cambridge, 
1920), Chap. XVII. 

MISCELLANEOUS EXAMPLES 

1. Prove that lim(— Py(cos-) =* J^(x) 

provided that x is positive. 

2. Show that, when n is an integer. 


and deduce that 


00 

“ = y(£) 2 (Baueb.) 


f » dx 

3. Prove that I •4+j(a:)./„+j(a:i— 


is equal to 2/(2n+l) or 0 according as the integers m and n are equal 
or imequal. 

4. Show that, when cos 0 is positive, 


fTicos^) 


= L- il” f 


e-»cos9j^(a- sin 9)x'' dx. (Hobson.) 


6. Prove that the product JJi,z)J,(z) is equal to 

V r(/x+v +2n+l)( -zV^ 


n“0 


6. Show that 


(SCHLAFLI.) 


ir 

J,(z) = i f co^{zsm0-ve) dd - [ e— d^, 

^ r 

Y,(z) = i f sm{zsin0-ye)de - i J e-*'>'“‘>*(e‘^+e-^co3i/ff) 

^0 0 

provided that the real part of z is positive. (Schlafli.) 

7. Prove, by term-by-term integration, that the equation 
f , h^T(a±i^ ^+v+l 

J dt = Y- ’ ~2~ ’ ^ ’ a*) 
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holds when R1 (/li+v) > 0, Rla > 0 and |6| < |a[. Apply the principle 
of analytical continuation to show that the equation is true under the 
less restrictive conditions Rl(^-|-j^) > 0 and Rl(a±i6) > 0. (Hankel.) 

8. Show that 


0 

provided that |argp| < Jtt and Rl(/i + i/) > 0. (Hankel.) 

9. Prove that, when Rlv > — 1, ' 

c+ao» 



the path of integration being the straight line Rif = c > 0. (Sonine.) 

10. By using the formula for J^,^i(tu) given in Ex. 9, prove that, when 
Rlv > — 1 , 1 / > 0, c > 0, 

QCI C + 00 I 

0 c — oo» 

oo 

Deduce that j Jv(t)Jv^x(ut) dt = 

0 

where e is equal to 0, or 1 according as u is less than, equal to, or 
greater than unity. 

11. Prove that the relation 

00 

F{.x) = J (|)‘''^V,+,(ir«)®'(«) d< 

0 


implies that ^)(/)_<[)(0) = j (t>o) 

u 

provided that we can differentiate the first integral under the sign of 
integration and invert the order of a certain repeated integral. [This is 
the Hankel Transform Theorem, Sufficient conditions for its validity are 
given by Burkill, Proc, London Math, Soc. (2), 25 (1926), 513-24. See 
also Titchmarsh, Proc, Camb, Phil. Soc, 21 (1922-3), 463-73. 

The more usual form of the theorem is obtained by writing 

F'(x) = a;»'+V(x), O'(0 = 

oo 

it then states that /(a?) = f t<ft{t)J^{xt) dt 



implies that 
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00 

- J uf(u)J^(tu) du.] 
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12. Prove that^ when the real parts of /x-f-l and v are positive. 




= -rilJ 


v^^l^J^(2\/v){z—vy~^ dv. 


Hence show that, when n is an integer, 

z z t 

2(m4»)/v^^^( 2V3) = zW2J^(2Vs) dz, 

0 0 0 

integration being performed n times. (Sonine.) 

13. Show that 

00 

(z+hr'‘im2^{z+h)i = 2 

7/1 = 0 
00 

{z+hrl^J,{2y/{z+h)) = 2 

7» — 0 

the latter expansion being valid only when |/i| < \z\, 

14. Show that, when Rl(iv— 4) > Rl/x > —1, 

00 

I {<+2)-/V,{2V(<+2)r dt = Vz). (SONIHB.) 

0 

15. Show that, when Rl(i^4- J) > 0, 

1 

J ei2<(^2_ l)‘'-l/SJ dt — ^icOiiVTT j COiiZU{l—U^Y~^l^ du, 

c 0 

where the contour C, on which |arg(^2 — 1)| tt, is a figure of eight which 
goes round ^ = 1 once positively and ^ — 1 once negatively. 


Deduce that J^,(z) 


_ f 

27rir(i) J 




provided only that v+i is not a positiv'e integer. (Hankel.) 

16. By using the result of J5x. 5, prove tliat 

IT 

J J^(2z^mifj)cos2n\fs dijj = 7r{JIt(2)}*, 

0 

IT 

and also that J dijj = 7r[Ja{z)y^. 
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17. Show that, if = z^-\-z\—2zz^Go^d, 

W = i 

— GO 

18. By integrating round a semicircle in the upper half-plane, show 

that, if a; > a, oo 

C H^^'^{xu) du _ .a*' 

I H ~ 


this being a Cauchy principal value. 


Deduce that 


o 


/ 


J^{au)Y^,{xu)—J^{xu)Y^,{au) du 
{J,(au)}^-\-{Y^{au)}^ u 


770' 


(Titc^absh.) 


19. Show that, for all values of the parameter v, the complete primi- 
tive of the differential equation 


is 

where 


d^w , 1 dw 
dz^ 

w = Al,{z)+BK,(z), 


> \dw 


m - 2 


(Jz )>■+*“ 


m! ^v+m+l)’ 

w»-»0 

K,(z) = 

20. Prove that, whon |argz| < and |z| is large, 

'■ i- My-- 




V(277Z)’ 

21. Show that, when |argz| < 


oo + iri 


i„(z) 


=^/ 


gzcoahic- w 


W 

Ky{z) = j vw dw. 


the path of integration in the former integral being along straight lines 
from 00—771 to — tti, from —iri to iri, and from Tri to oo+tti. 


22. If a; > 0, -1 < Rlv < 1, 





giarcoshf-i'i 


gim 

771 


/ 


^-ixcoBht-vt dt. 


H<^\x) --- 



CHAPTER XIII 


THE ELLIPTIC FUNCTIONS OF WEIERSTRASS 

13.1. Periodic functions 

A FUNCTION f{z) is said to be periodic if there exists a non- 
zero constant 2ai such that the equation 

JXz+2a>) ^f(z) 

holds for all values of z. The number 2co is called a period of 
/(z); evidently, if ti is a positive or negative integer, 2noj is also 
a period. We call 2w a fundamental period if no submultiple 
of it is a period. 

A periodic function which has only one fundamental period 
is said to be simply-periodic. For example, is simply -periodic, 
its fundamental period being 27ri. A function which possesses 
more than one fundamental period is said to be multiply- 
periodic. In the present chapter we show that multiply -periodic 
functions exist by constructing Weierstrass’s doubly-pcriodic 
function p(z), which has two fundamental periods whose ratio 
is not real; every other period is a sum of multiples of these 
two fundamental periods. 

The existence of such a function naturally suggests the fol- 
lowing questions: 

(i) Does there exist an analytic function, regular save for 

poles, which has two fundamental periods whose ratio 
is real? 

(ii) Does there exist an analytic function, regular save for 

poles, which possesses more than two independent 
fundamental periods? 

These questions were first asked by Jacobi, f who showed in 
each case that such a function is necessarily constant. 

Example. The function f{z) has two periods 2a)^ and 20^2' Show 
that, if m and n denote positive or negative integers or zero, the number 
2mwi-\'2na)2 is also a period. 

t See the earlier part of Jacobi’s paper, Journal fur Math, 13 (1835), 55-78, 
which is reprinted in his Gea. Werke, 2 (1882), 25-50. 
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13.11. The lower bound of the periods of an analytic 
function 

As a preliminary step in provingf the results established by 
Jacobi, we show that a periodic analytic function which is not 
a constant cannot possess arbitrarily small periods. 

Let/( 2 ) be an analytic function which has a set of periods 2aj, 
where the lower bound of \(jd\ is zero. If is a point at which 
f{z) is regular, the function f(z)—f(zQ) has a zero at each of the 
points Zq-\-2oj. But since the lower bound of |aj| is zcijo, there 
exists a point of the set 2 Q+ 2 a> in every neighbourhood of Zq. 
This is impossiblcj unless /( 2 )--/( 2 o) is identically zero. Hence 
the result. 

13.12. Jacobi's first question 

We now answer Jacobi’s first question by showing that if an 
analytic function f{z), other than a constant, has a set of periods 
2a), 2Aa), where A is real, each of these periods is a multiple of 
a single fundamental period. 

If the only values which A takes are positive or negative 
integers, there is nothing to be proved; 2a) is then the funda- 
mental period. 

If, however, there are periods 2Xuj with non-integral values 
of A, each such period is expressible in the form 2moj-\-2(xoj, 
where m is a positive or negative integer or zero and 0 < a < 1* 
Evidently 2olco is itself a period, since it is the difference between 
the periods 2Xa> and 2maj. Thus corresponding to every period 
2Aa) which is not a multiple of 2a), there exists a period 2aa), 
where 0 < a < 1. 

There can, however, be only a finite number of periods of the 
form 2aa). For if there were an infinite number, they would 
possess a limiting-point in virtue of the Bolzano-Weierstrass 
theorem ; as the difference of any two of the periods 2olco is also 
a period; this would imply that there exist periods of arbitrarily 
small modulus, which is impossible by § 13.11. 

Let us write 2a)i = 2oli o), where cxi is the least of the numbers 

t In framing the general argument of §§ 13.11-13.13 I am materially in- 
debted to Dr. W. L. Ferrar and Mr. J. Hodgkinson, and I wish lo take tliis 
opportunity of thanking them. 

t See §4.51. 
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(X. Then 2ci> and each of the periods 2Aa> are multiples of 2cui. 
For if not, by a repetition of the previous argument we could 
find a period 2 a 2 Ct>i, where 0 < ag < 1, and this is impossible 
by the definition of 2a}^. This completes the proof of the 
theorem. 

It should be observed that we have shown incidentally that 
if an analytic function, other than a constant, has (list met periods 
2aj and 2Xuj, where A is real, then A is necessarily rational. For 2a> 
and 2Aa> are multiples of a fundamental period 2ijj^. 

Finally, it is evident that if all the periods of an analytic 
function are of the form 2A6u, u^iere A is real, the function is 
simply -per iodic . 

13.13. Jacobi’s second question 

Let/( 2 ;) bo an analytic function, other than a constant, which 
possesses two fundamental periods 2a)^ and 20 }^ whose ratio is 
not real. Such a function cannot be simply -periodic. We now 
answer Jacobi’s second question by showing that it must be 
doubly -periodic, in the sense that every period is a sum of 
multiples of a certain pair of fundamental periods, not neces- 
sarily 2a>i and 2o}.^, 

Since <^ 2/^1 real, we can express any period 2a> uniquely 
in the form 2Aaji+2/i,aj2, where A and p are real, by solving the 
simultaneous equationsf 

ItlcU = A R1 Rl Ct)2» 

Inioj = AIma>i“(-jLtIm a> 2 . 

If it turns out that the only values of A and p which occur are 
positive or negative integers or zero, there is nothing more to 
be proved, since every period is a sum of multiples of 2aji 
and 2 cu 2 * 

If, however, there are periods which are not of the form 
2 la)i~\- 2 ma) 2 > where I and m are integers or zero, each such period 
is expressible in the form 

2Zaii + 2m<jt)2 + 2aa>i + 2j3a)2 '» 

t These equations do determine A and fi, since their determinant is 
Rlcuilmcui — ImojiRltoj = cu2l8inarg(a>j,/a)i), 

and this, by hypothesis, is not zero. 
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here I and m denote integers or zero, and 

0^oc<l, 0<j3<l, 

a and j3 not being simultaneously zero. Evidently the number 

2 aa>i-f 2j3a>2 

is itself a period. We now see that neither a nor jS can be zero; 
for if were zero, ol would not be zero, by hypothesis, and/( 2 ;) 
would have periods 2 ajj^ and 2 acui. This is impossible, by § 13.12, 
since 2oji is given to be a fundamental period. ' 

We have thus proved that, corresponding to each period 2 co 
which is not of the form 2laj^-\-2ma)o, where I and m are'' integers, 
there exists a point 2 aa>i+ 2 j 3 co 2 which represents a period and 
lies within the parallelogram with vertices 0 , 2 a;i, 2 oji+ 2 oj 2 , 
There can be only a finite number of such points; for, if there 
were an i/ifinite number of them, it is easily seenf that f{z) 
would have periods of arbitrarily small modulus, which is im- 
possible. Moreover, no two periods of the set have the same 
value of P; for if 2 (xcji+ 2 p(jj 2 and 2 a'aji+ 2 j 8 ct )2 were two such 
periods, 2 |a— a'|coi w^ould also be a period, and this is im- 
possible. 

We see, then, that there exists a unique point of the set 
2oLcx)i-]-2Pw2 for which the value of j 8 is least. Let us call it 2 a> 2 . 
Every period of f(z) can be expressed as a sum of multiples of 
2w^ and 2aj2. For if not, a repetition of the preceding argument 
shows that we can find a period of the form 2 a'wi-f 2 j 8 'cu 2 , where 
0 < a' < 1 , 0 < jS' < 1 . But^ince 

2ol'wi~\-2^'(jl>2 = 2 (a^-j-aj 8 ^)a> 2 -f- 2 j 8 j 8 ^a» 2 > 

this contradicts the definition of 2oj2- We have thus proved 
that if f(z) is an analytic function, other than a constant, which 
possesses periods whose ratio is not real, it is necessarily dovbly- 
periodic. 

If 2 ( 1 ) and 2 cj' are two periods of a doubly-periodic function 
with the property that every other period is a sum of multiples 
of 2(x) and 2 a>', we say that 2 w and 2 a>' form a pair of primitive 
periods. The periods 2u)y and 2 a >2 evidently form such a pair. 
When a pair of primitive periods is known, an unlimited number 


t Cf. § 13.12. 
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of other pairs can be found. For if we write 

COj“|“do>2j 

where a, b, c, and d are integers connected by the relationf 
ad — be — 1, then and 2 O 2 &re also periods. Moreover 

bd2f ixin — cOj 

As any period is expressible as a sum of multiples of 2wi and 2^2 , 
it is therefore also expressible as a sum of multiples of 20^ and 
2 Q 2 ; thus 2flj and 2^2 form a pair of primitive periods. 

Example. Show that any three periods 2a>i, 2aj2. Sojj of a multiply- 
periodic analytic function are connected by a relation 

= 0 . 

where I, m, and n are integers. 

13.2. The definition of an elliptic function 

An elliptic function is defined to be a doubly -periodic analytic 
function whose only possible singular points in the finite part 
of the plane are poles. Before we actually construct special 
elliptic functions, it is convenient to consider some of the 
properties of elliptic functions in general. 

Let/(^) be an elliptic function with a pair of primitive periods 
2coi and 2 cl> 2. The imaginary part of zero; we sup- 

pose, as we may without loss of generality, that it is positive. J 
With this convention, the points 0, 2a>i, 2aji-f 2cu2, f^ken 
in order, are the vertices of a parallelogram described in the 
positive sense. We call it a primitive period-parallelogram of 
f{z)\ there are evidently an unlimited number of primitive 
period-parallelograms. Since, as we have proved, the only 
periods oif{z) are of the form 2 ma>i+ 2 ^^ 2 » where m and n are 
integers, the vertices are the only points within or on a primitive 
period-parallelogram whose affixes are periods. 

Now mark in the Argand plane the points of affix 

= 2mcoi-f2nw2> 

t Evidently the integers a and b must be prime to each other. When o and 
b are fixed, c and d can be found by the process of repeated division used in 
determining the G.C.M. of two numbers. 

t For if Im(cu2/coi) is negative, w'O consider instead the pair of primitive 
periods 2 aji and — 2a>2. 
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where m and n take the values 0 , ± 1 , - • Then the four 

points Qp fi.^+1, ^>,3+1 are the vertices of a parallelo- 

gram, which is obtained from the primitive period-parallelogram 
by a translation without rotation; it is called a period- 
parallelogram, or, more briefly, a mesh. The Argand plane is 
completely covered by this system of non-overlapping meshes. 

The points and obviously lie in different 

meshes; if we translate one mesh until it coincides with the 
second, these two points become coincident. Accordii^gly we say 
that the point is congruent to the point Then 

since Q,. ,— is a i)eriod of f(z), it follows that /(2;)\ takes the 
same value at every one of a set of congruent points. The 
behaviour of an elliptic function is therefore completely deter- 
mined by a knowledge of its values in a primitive period- 
parallelogram. 

From tliis it follows that an elliptic function mustj)os$ess poles. 
For if f(z) is an elliptic function which is regular in a primitive 
period-parallelogram, it satisfies there an inequality |/(z)| < K, 
where K is a finite constant. But since f{z) repeats in every 
mesh the values it takes in a primitive period-parallelogram, 
f{z) is an integral function which satisfies everywhere the in- 
equality \f(z)\ < K\ hence, by Liouville’s theorem, it is a con- 
stant. 

An elliptic function has only a finite number of poles in any 
mesh. For if it had an infinite number, the set of poles would 
possess at least one limiting-point, and this is impossible since 
a limiting-point of poles is an essential singularity. Similarly 
we see that an elliptic function has only a finite number of zeros 
in any mesh. 

When we wish to calculate the number of poles (or zeros) of 
an elliptic function in a given mesh, it is inconvenient to have 
poles (or zeros) on the boundary of the mesh. But as there are 
only a finite number of poles and zeros in each mesh, we can 
always translate the mesh without rotation until no pole or zero 
lies on its boundary. The parallelogram obtained in this way is 
called a cell. The set of poles (or zeros) in a given cell is called 
an in’educible set. 

Example 1. Show that, if f(z) is an elliptic function, so also is 
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Example 2. Show that all primitive period -parallelograms associated 
with a given elliptic function are of the same area. 

13.21. The irreducible poles and zeros of an elliptic 
function 

We prove, first of all, that the sum of the residues of an elliptic 
function at its poles in any cell is zero. For if C is a cell, the sum 
of the residues of the elliptic function /(z) at its poles within C is 

and this is zero, since the integrals along opposite sides of C 
cancel on account of the periodicity o^f(z). 

The number of poles of an elliptic function in any cell, each 
pole being counted according to its multiplicity, is called the 
order'\ of the function. The order of an elliptic function is at 
least two, since an elliptic function of order one would have one 
irreducible pole of residue zero, which is impossible. 

We next show that an elliptic function of order m has m zeros 
in each cell, multiple zeros being counted according to their 
multiplicity. For if the elliptic function f{z) of order m has n 
zeros in a cell, n—m is equal to the sum of the residues of 
f'(z)lf(z) at its poles in the cell. J But f'{z) is obviously an elliptic 
function with the same periods as f(z), and therefore so also is 
f(z)lf(z); hence n—m = 0, which proves the theorem.§ 

Finally we prove that the sum of the affixes of the zeros of an 
elliptic function in any cell\\ exceeds the sum of the affixes of its 
poles in that cell by a period. For if f(z) is an elliptic function 
with primitive periods 2cvi and 2 a> 2 , the sum of the affixes of 
its zeros in the cell C exceeds the sum of the affixes of its poles 
there byft 

2vi J f(z) 

a 

t It should be observed that the word order has different meanings in the 
theory of elliptic functions and the theory of integral functions. 
t See § 6.2. 

§ More generally, a being any constant, the elliptic function J{z) of order m 
takes the value a m times in each cell. 

II Multiple zeros (or poles) are repeated in these sums accordmg to their 
multiplicity. 

1t See § 6.2, Ex. 1. 
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If the vertices of C are t, ^+2coi, ^+2a>2, this 

difference is 

f+2ai| 

L f (^+2a>2)f(^+2a>2) | 

J 17(2) /(2+2t02) 

^ + 2a>, 

__L f f g7(g) (2+2a.i)f (2+2a>^) ] 

2771 J \/(z) /(z+2a>i) 





since /(s) and/'( 2 ;) have the periods 26tii and 2 a> 2 . 

Now f{z) takes the same value at each vertex of C. Hence 
the sum of the affixes of the zeros of f(z) in the cell C exceeds 
the sum of the affixes of its poles there by 

~.{2m7n’coi — 2nTrio}^ = 2m(jj^ — 2na>2, 

where m and n are integers. As 2mcj^—2na)2 is a period, the 
required result is now established. 

13.3. Weierstrass’s Sigma function 

Let f{z) be a simply-ijeriodic analytic function of period tt, 
which has simple zeros Zj, z^,,„y z^ and simple poles P2v > Pn 
in the strip 0 < Rlz < tt. It is easily seen that 

m 

XT sin(z- 2 ,) 

/(2) = S'(z)e‘*'* -1 , 

XT sin(2-:p,) 

1 

where g{z) is an integral function of period tt and A; = 0 or 1 
according as m—n is even or odd. 

If we wish to exhibit in a similar manner the way in which 
an elliptic function with primitive periods 2 cdi and 2 co 2 depends 
on its zeros and poles, we must first construct an integral func- 
tion with simple zeros at the points which is to play a 
part similar to that of sinz in the theory of simply-periodic 
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functions. The simplest function with the required property is 
Weierstrass’s canonical product. 

In order to construct this canonical product, we must deter- 
mine the exponent of convergence of its zeros. If 0 = arg(aj 2 /a>i), 
we have 


But since 0 < 6 < tt, cosd = where 0 ^ fjL < 1. Hence 
Imcoj+ncDgl" = m-jcuif^-t-Ti^lajgPdz^winjLLlaiicOgl 

^ ( 1 — + 

where a is the smaller of \wi\ and [cugl- Similarly we see that 
1 ^ 0)2 + 716021 “ ^ ( 1 +/ 6 ) 6 ^(? 77 ^ + ? 1 ^), 
where b is the greater of Icojl and 

From these two inequalities it follows that the double series 


where summation is extended over all positive and negative 
integral and zero values of m and n, save m = n = 0, converges 
or diverges with the series 


2' (m2+n2)-W2. 


But it is easily shown by the integral testf that the latter series 
is convergent when a > 2 and divergent when a ^ 2. Hence 
the exponent of convergence of the zeros £1^ is 2. 

It now follows from the general theory of canonical products J 
that the doubly -infinite product 


(t(z160i,6O2) = 2 





where multiplication is extended over all positive and negative 
integral and zero values of m and n, save m n == 0, converges 
uniformly and absolutely in any bounded closed domain of the 
2-plane which contains none of the points Xi^ ^, and represents 
an integral function ct(2|6Di,6U2), of order 2, with simple zeros at 
the points Qrn, 7 r This function is Weierstrass's Sigma function. 


t See, for example, Bromwich, Infinite Series (1926), 86. 
t § 7.2. 
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When there is no need to emphasize the parameters and cDg 
on which the Sigma function depends, we shall denote it more 
briefly by a{z). 

It should be observed that a{z) is not an elliptic function; for 
if it were, it would be identically zero in virtue of the theorem 
of § 13.2, and this is certainly not the case. 

In the canonical product for (j{z) we can arrange the factors 
in pairs, such as 



(■ 





the second factor being derived from the first by replacing m 
and 71 by — m and — n. But since these two factors interchange 
when we replace 2 by — 2 , it follows that 0 ( 2 ) is an odd func- 
tion of 2 . 


13.31. Weierstrass ’s elliptic function p{z) 

Before we show how elliptic functions can be constructed as 
quotients of products of Sigma functions, it is convenient to 
discuss the properties of Weierstrass’s elliptic function p{z)y 
which is very closely connected with a(z). 

The function loga( 2 ) can be written as a double series 


loga( 2 ) = logz+ 2' 


+ 


^ -I--- — 

^m,n 


which converges absolutely and uniformly in any bounded 
closed domain D which contains none of the points 
Weierstrass' s Zeta function'f is defined by the equation 


= —log (7(2); 


term-by-term differentiation gives at once 


^( 2 ) = - + 
2 



the double series being uniformly and absolutely convergent in 
the domain D, since its general term is 0(|£2„„|~*). ^( 2 ) is 


t This function is not to be confused with Riemann's Zeta function 

l{s) - f n-", 

1 

which is of importance in the analytic theory of numbers. 
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therefore an analytic function with a simple pole of residue 1 at 
each of the points 

If we replace m and n by — m and — n, the series for ^(z) 
becomes j , j j , 

Hence 

so that 5(2) is an odd function, ^(z) is not an elliptic function, 
since the residue at each of its poles is 1, whereas the sum of the 
residues of an elliptic function at a set of irreducible poles is 


fVeiersf?'asA'sf elliptic function p(z) is now defined by the 


equation 




It follows that p(z) is represented by a double series 



which converges uniformly and absolutely in every bounded 
closed domain containing none of the points Hence p{z) 

is an even analytic function whose only singularities are double 
poles of residue zero at each of the points y,. 

To show that p{z) is an elliptic function, we consider the 
behaviour of its derivative when z is increased by 20^1 or 2 ay.^, 
This derivative p'(z) is given by the equation 

= - 2 

where summation is now extended over all positive and negative 
integral and zero values of m and n without exception. From 
this, we see that 

^ - - 2 ( 7+^1 “ “ 2 

but since the set of points fhe same as the set 

this equation becomes 

p\z-\- 2 wi) = p'(z). 


t WeierstrasB, Oea, Werke, 2 (1895), 245-55. 
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Thus p'{z) has the period 2cui; similarly we can show that it has 
the period 2 a) 2 * The function p'{z) is, therefore, an elliptic 
function, for it is doubly -periodic with a triple pole of residue 
zero at each of the points Qm,n- 

Moreover, 2a>i and 2 <U 2 form a pair of primitive periods of 
$)\z). For if not, there would exist a network of period- 
parallelograms, each having a smaller area than the parallelogram 
with vertices 0, 2 cl»i, 2a)i-|-2a/2, 20)3; some of these would evi- 
dently contain no singularity of p'(2), and this is iifnpossible. 
By integrating the equation 

P'(2+2wi) = p'(z), \ 

we obtain fp(z-\- 2 o}^) = p(z)+C. 

The value of the constant C can be found by putting z = —oji. 
Since p{z) is an even function and is finite, this gives 

0 = p(aji) — p( — a>i) — 0, 

SO that is a period. Similarly 2a)2 is also a period. Hence 
p{z) is a doubly-periodic function whose only singularities are 
poles, and so is an elliptic function. Evidently 2 a)i and 2 a >2 
form a pair of primitive periods of p(z). 

When it is desirable to put in evidence the primitive periods 
2 aji and 2 ajo with which p{z) is constructed, we denote it by 
p(z\a)^,W2). 


13.32. The pseudo -periodicity of ^(z) and (t(z) 

If we integrate the equation p(z-\- 2 wi) = p(z)j we obtain the 
relation ^ - Uz)+ 2 r,^, 

where 2 r^i is a constant of integration; putting z = — aij, we 
2r,, = - 2Uc.,), 


since l^(z) is odd. Hence rji =■- ?(cui). Similarly 
?(2+2c 02) = ^(z)-t-2T72> 

where ~ ^(<^^2)' The numbers and are not both zero; 
for if they were, ^(z) would be an ellij)tic function, which 
we know is not the case. The function l(z) has, therefore, a 
pseudo-periodicity, in that the function is reproduced, apart 
from an additive constant, when z is increased by a period 
of p(z). 
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The constants 7 ]^ and 172 are connected by the relation 

— 2^^- 

For the only singularity of C(z) within or on tlie cell C of 
vertices wi — wg, coj+cug, — is a simple pole at 
the origin of residue 1 ; hence 

2 TTi = J ^(z) dz 

c 

tUi+Ctl2 a)i-"£L»i 

= J {a 2 )-C( 2 - 2 aii)}d 2 + I [Uz)-l[,{z^- 2 o.^)}dz 

tt»i — a>2 — a>i — a>* 

tUl + tt)2 OJ 1 — W 2 

— 2?]! J dz — 2rj2 J dz 

oji — 0 J 2 -Wi- a»2 

= — 4772«^i> 

which gives the required result. 

It is frequently convenient to make use of the period 2a>3, 
where coi+cug+tog — 0. The pseudo-periodicity of ^(2) with 
respect to 2 oj^ is then expressed by the equation 

^(2+20.3) = m + 2 rj,, 

where Vi+ 12+12 = 

From the Equation ^(2-f 2a>i) = ^(^)+^iv deduce by in- 
tegration that c7(2+2a,,) = Ae-^<^c.(z), 

where -4 is a constant. Putting 2 = — cui, we have 

A = =: 

a( — a>i) 

SO that a{z+2wi) = — 

Similarly we can show that 

a( 2 -f 20^2) = —€-^*^^■^"*^<7(2), 

g(z+ 2 co^) = -e 2 ’ 73 U+^»>a( 2 ). 

These three equations exhibit the pseudo-periodicity of a{z) 
when 2 is increased by a period of p(z). 

Example. Show that 
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13.4. The algebraic relation connecting two elliptic func- 
tions 

We shall now prove the important theorem that if two elliptic 
functions have a pair of common periods whose ratio is not real, 
they are connected by an algebraic relation. 

Let f(z) and g{z) be two elliptic functions having in common 
a pair of periods 20^ and 2^25 whose ratio is not real. From 
these periods we can construct, as in § 13.13, a primitive pair 
of periods and 2 ^^ with the property that every common 
period of/(2;) and g{z) is of the form ^mwi+^nw^, were m and 
n are integers. We are not necessarily supposing tliat and 
2 co 2 form a pair of primitive periods for both functions; the 
theorem will still be true, for example, if oj^ and 20^2 are a 
primitive pair of periods of /(2), and 2 uj^ and are a primitive 
pair of periods of g{z). 

Denote by a^, ag,. ., CLm points in the parallelogram with 
vertices 0, 2tui, ^^2 which are poles either of f(z) 

or of g(z) or of both functions. Let fij. be the order of the pole 
at a/, if Oj. is a pole of both functions, let be the greater 
order. 

We now consider a polynomial F{^, rj), of degree ti in ^ and 17, 
which has no constant term; such a polynomial involves 
^n(7i+3) arbitrary constants. The function 

a)(2) = F{f{z),g(z)} 

is, therefore, an elliptic function of primitive periods 2coi and 
2ai2, having poles at some or all of the points a^. 

Since the order of the pole cannot exceed nfx^, we can make 
the principal part of 0(2) at each pole identically zero by 
choosing the \n(n-\-Z) coefficients to satisfy a certain set of 
n(/Xi+/x2+...+/x^) homogeneous linear equations. If 

n+3 > 2(^i+/x2+-- +/^m)» 

there will be fewer equations than coefficients to be determined 
and so a suitable set of coefficients can always be found.! But 
if the coefficients are chosen in this manner, 0(z) is an elliptic 

t In some cases it is possible to find suitable coefficients by taking 
n-i-3 = 

An example of this is provided by the differential equation of § 13.41. 
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function without singularities and is therefore a constant. In 
other words, there exists a polynomial F{$, rj) such that 

-^’ 1 /( 2 ). < 7 ( 2 )} 

is a constant, which is the required resul :. 

13.41. The differential equation satisfied by p( 2 ) 

It follow^s from the general theorem of § 13.4 that there exists 
an algebraic relation connecting the two elliptic functions p(3), 
p'(z), since they have the same primitive periods 2a>i and 2a)^, 
This relation, which we shall now determine, is a differential 
equation satisfied by the function p(2). 

The function p(z)—z~- is regular in a neighbourhood of the 
origin and so can be represented there by a power series 

p(z)-z-- = 

0 

It follows from Taylor's theorem that all the odd coefficients 
^ 2 n+i vanish and that 

^0 “ ^2 = 3 ^ 

and so on. Thus 

p{z) = z-^+a^z^+a^z^+0(z^), 

where 0{z^) denotes a function which is regular in a neighbour- 
hood of the origin and has a zero of order n at the origin. 
From this equation it follows that 

p'(z) = —2z-'^ + 2 a 2 Z + 4a^z^+0(z"^). 

We now construct a polynomial in p(z) and its derivative 
which is regular at the origin. To do this, we observe that 

p^z) = z-^+3a2Z-‘^ + 3a,+0(z-), 

P'2(2) == 4s-«-8a22;-2~16a4+0(22), 

whence 

p'2(2)-4p3(2) = -20a2Z"^-28a4+O(22) 

= — 20^2 p(3)—28a4-f 0(22). 

We have thus proved that the function 

<!>{z) - p'Hz)-4p^z)+20a,^p{z) + 2Sa, 
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is regular in a neighbourhood of the origin and has a double 
zero at the origin. ^ 

Now <i>{z) is an elliptic function with periods 2 aji and 2 a) 2 . 
Hence it is regular in a neighbourhood of each of the points 
Q„,„. But as the only possible singularities of 0(2:) are the 
points 0(2;) is an elliptic function with no singularities, 
and so is a constant. The value of this constant is zero, since 
0(2:) has a double zero at the origin. Hence p(z) is a sojution of 
the differential equation ' 

p ’^ z ) = 4p3(2)— 20a2p(z)— 28O4, \ 

where <*2 = 3 Y' 0^ = 5 ^ 

For many purposes it is more convenient to write 

= 20^2 = 60 2 ' 9z = = 140 a-%, 


the constaiTts ^2 ^iid being called the invariantsf of ^(z). We 
have thus proved that w = p(z) satisfies the differential equa- 


tion 





Example 1 . Show that w = p( 2 ) satisfies the differential equation 
d^wldz^ = — 

The function p(s) — possesses a Taylor expansion of the form 

P(2)-2-2 ^ Ci22 + C22^ + ...-(-C„z2” + ... 

valid near the origin. Show that the coefficients are connected by the 
relation („_2)(2n + 3)c„ = 3(CiC^2+C2C„_2+...+c„_,Ci) 

for n = 3,4,5,.... Hence prove that is a polynomial m and 
whose coefficients are positive rational numbers. 

Example 2. Prove that 

0(2) = Z+6i2® + 6g2’+... + 5,^2®"+®+..., • 
where the coefficients 6„ are polynomials in gr^ and whose coefficients 
are rational numbers. In particular, show that 

bi = —gJ2^0, 62 = —gJS^O. 

Example 3. Show that 

C7(A2|Acui,Aa»2) = A(7(2|aJx,a>3), 

^(A2|Aa>i,Acu2) = A~^^(2|coi,a;j), 
p(A2|Aaii,Acu2) = A“*p(2|aJi,cJa). 

Prove also that the invariants of p(A2|Au>i,Aa>a) are A-V 2 * 


t The reason for the name will be evident after reading § 13.7. 
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13.42. The constants e^, eg, and 

We shall now show that, if grg and gr^ are the invariants asso- 
ciated with p(z), the three roots and of the equation 

— 0 are all distinct. 

To prove this we make use of the fact that and are 

the values taken by ^{z) at the points where its derivative 
vanishes. Now since ^\z) is an odd elliptic function, we have 

p'(aii) = 2a>i) = — ajj) = — p'(a)i) 

and so p'(2) vanishes at oji] similarly it vanishes at a>2- But 
p'{z) is an elliptic function of order 3 with a triple pole at 
each of the points consequently the sum of the affixes of 
its irreducible zeros is a period. Since = 0, the 

points Oil, cog, and form a set of irreducible zeros of p\z). 
It follows that 

Ci = — p(a>2), 63 = ^(0^3) 

are the three roots of the cubic equation in question. 

Now p(2)— e^, being an elliptic function of order 2 with a 
double zero at 2 = cannot vanish at any other point in the 
primitive period-parallelogram; in particular, and 

7*^ ^3- Similarly we can show that gg 9 ^ so that the three 
constants eg, and Cg are all distinct. 

13.43, The solution of a differential equation 

Let us consider the problem of finding the function ^v defined 
by the differential equation 

^ = (4^3— STjW— 93 )^'*, 

where jg a^ud 9^3 are given constants. This problem can be pre- 
sented in a somewhat different form; z is given as a function 
of w by the equation 

z+ 0 L = j 9^2^— 

where a is a constant of integration. If we could carry out the 
integration and solve the resulting equation, w would be deter- 
mined. 

If the discriminant ^— 21 gl of the cubic 
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vanishes, the cubic has a multiple zero, Wq say, and the integral 
becomes _ f dw 


which can be evaluated by the elementary methods of the in- 
tegral calculus. It follows that, in this case, z can be expressed 
in terms of w by means of the elementary functions of analysis. 

If the discriminant of the cubic is not zero, the cubic possesses 
distinct linear factors. We shall show that, if we can find two 
numbers and a>o, whose ratio is not real, such that! 

- 60 2' - 140 2' 

the integral can be evaluated J by means of the transformation 
Assuming, then, that and have been found, we have 

= ± I d? = ±^. 

and so w = p(^\oj^,oj 2 ) = P(z-\-(x\oj^,qj 2 ). 

CO 

In particular, J {4:U^—g2W—g^)-'^^^dw 

W 

is equal to where z is the point at which p takes the 

value w. The period depends on the manner in which 
the path of integration loops round the branch -points e^, eg? Q^ud 
63 of the integrand. 


13.5. The addition -theorem for p(z) 

The elliptic functions p{u) and p{u~\-v), regarded as functions 
of the complex variable w, have the same pair of primitive 
periods and so, by § 13.4, are connected by an algebraic relation. 
To determine this relation we consider the function 

= p\z)-\-Ap(z)-]-B, 

where A and B are constants. This is an elliptic function of 
order 3, with a triple pole at each of the points it has, 

t The existence of such numbers cu^, when gl-21g\ is not zero, is proved 
in § i u.u 1 . 

t It cannot, however, be evaluated in terms of the elementary functions 
ot analysis. See. for example. Hardy, Integration of Functions of a Single 
Variable (Cambridge tract, 1906). 
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therefore, three irreducible zeros, the sum of whose affixes is 
a period. 

Now if u and v are such that none of the numbers w, v,U:^v 
is a period of p(z), we can choose the constants A and jB'so 

p'(u)+Ap(u)+B = 0, 
p\v)-]rAp{v)-\-B =: 0. 

When this is done, the function /(«) has simple zeros at the 
points congruent to u and v\ the third irreducible zero is there- 
fore congruent to —u—v. Hence we have 

p\—u—v)-{-Ap(-~u—v) + B =. 0. 

Eliminating A and B from these equations, we obtain 

p{u) p\u) 1 1 

(p(v) ^o\v) 1 = 0. 

|p('a+v) -p'{u+v) l| 

Now the derivatives occurring in this equation can be expressed 
algebraically in terms of p('w), p(v), p{u-\-v) by means of the 
differential equation for p{z), and so we have really expressed 
p(u-[-v) algebraically in terms of p(u) and p{v). 

An analytic function F{z) is said to possess an addition - 
theorem if there exists a formula which expresses F{u-^v) alge- 
braically in terms of F{u) and F(v), Although we only set out 
to express p{u-\-v) algebraically in terms of p(u)y we have 
actually proved the important result that p{z) possesses an 
addition-theorem. It should be noticed that Weierstrassf 
proved in his lectures that a function F[z) which possesses an 
addition-theorem is either an algebraic function of 2 , or an alge- 
braic function of exp(7r2i/cu), where a> is a suitably chosen con- 
stant, or an algebraic function of p(z\uj-^y{jj^)y and cug being 
suitably chosen. 

An alternative form of the addition-theorem for p(z) can be 
obtained by considering the elliptic function 
F(z) = p^^z)-{Ap(z)+BY 

= ^p^z)-A^pHz)-(2AB+g,)p{z)-(gy+B^), 

t An account of Weierstrass’s lectures is given by Schwarz, Formeln und 
Lehrsdtze zum Oebrauche der elliptischen Funktionen (Berlin, 1893). The 
theorem to which we have just referred is stated there without proof. Proofs 
have been published by Phragm6n, Acta math.l (1885), 33-42, Koebe, Berlin 
Diaaertalion (1905), and Falk, Nova Acta Soc. Upsal. (4), 1 (1907). 
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where the constants A and B have the same values as before. 
This is an elliptic function of order G, with six irreducible zeros 
at the points i*’. ±(w+*')- Since ^(z) is an even function, 
it follows that the cubic equation 


ip^-AY-i^AB+g^Yp-igs+B^) = 0 
has the three roots Jj('m), p(v), and From this we 

deduce that 

But if we solve the equations defining A and B, We obtain 

p'(u)- p'(v) \ 

p(u)-p(v) ■ 

Hence we have 

a relation which expresses explicitly in terms of p(u) 

and p(v). 


A = 


Example 1 . Prove that the functions 

( 1 ) /(*)- P'(z) 1 

PM P'M 1 
p(3+a) —p'(z+a) 1 

are elliptic functions with no singularities. Deduce the two forms of the 
addition -theorem. 


Example 2. Show that 

(This result is called the duplication formula for p(z).) 
Example 3. Prove that, if 

PM = Pi, P(v) = Pi, p(w) = p„ 
where m+v+w = 0, then 

(Pi+Pt+PaH^iPiPa-ffi) = (PiPz+PiPa+PaPi + ifft)’'- 


13 . 51 . The formula for p(2-t-n>i) in terms of p(z) 

By the second form of the addition-theorem for p(z), we have 


P'^(Z) 

4 {p(z)-eJ^ 
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P(*)-ei * ' 

^ 01+62 03— g>(g)(ea+e3) 

&(z)—h 

But since 61+63+ ^3 = 0, this relation can le written in the form 

Similarly we can show that 


falzA-tii ) — e ®i)(®2 03) 

p{z+o.,)-e,+ . 

( oh \ C I (^3-01X03-02) 


13.6. The expression of an elliptic function in terms of 
Sigma functions 

In the next few pages we shall consider the problem of 
expressing a general elliptic function in terms of the periodic or 
pseudo-periodic functions of Weiers trass. The simplest method 
is to express such a function as a quotient of products of Sigma 
functions, the resulting expression being analogous to the 
formula ^ n 

g{z)e^^- n sin(2:-2,)/ Jl sm{z-p^) 

r=l ‘ r -1 

for a simply-periodic function with assigned zeros and poles. 

Let us consider an elli})tic function f(z) of order n and 
primitive periods 2a>i, 20^3, of which 2i, ^ 

ducible zeros, a multiple zero being repeated in the set according 
to its order. If p^, Pn-i^ Pk ^ irreducible poles, 

a multiple pole being repeated according to its order, we know 

Zl + Z^+.-^ + Zj^ = P1+P2+ — +i>n-i+K+f2» 

where Q is a period. If we replace pk+^ by p^, we obtain a set 
of irreducible poles P2> •, Pru l^he sum of whose affixes is equal 
to the sum of the affixes of the given set of zeros. 

We now construct the function 


F(z) = |"j 

r=l 


g(z— Z y) 

(riz—PrY 
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which has the same poles and zeros as /(z). Hence f{z)IF{z) is 
an integral function. But, by the pseudo-periodicity of a{z), 
we have 

F{z+2 a)i) ^ t"-t exp{27;i( z-z ,.-fa),)} ^ ^ 

F{z) f_| exp{2iji(z— p,.+wi)} 

so that jF'(z) is of period 2aJi; similarly 2 a )2 is also a period. 
Hence F{z) is an elliptic function. This implies that f(z)/F{z) 
is an elliptic function with no singularities and so is a constant, 
A say. We have thus proved that 


/( 2 ) 


= ay \ 

g(z-p,) 


a formula which exhibits the manner in which the elliptic func- 
tion f(z) depends on its zeros and poles. 


Exaniple. f{z) is an elliptic function of order n, with irreducible 
zeros Zj, Za*-*-* irreducible poles Pn* Show that, if 

= Pi-}-p2-h***H-Pn*b2Zci>i-f-2ma)2» 


then f(z) = 

whore .^4 is a constant. 


n cy(g-2r r 
(7(g-pd' 

r-»l 


13.61. A formula for p(z)—p(oL) 

As an example on the theorem of § 13.6, we shall express the 


elliptic function 


F(z) = p( 2 )-p(a), 


where a is not a period, as a quotient of products of Sigma 
functions. 

We suppose, in the first instance, that 2a is not a period. 
Then F{z) is of order 2, and has a pair of irreducible simple 
zeros a and —a. Since F{z) has a double pole at the origin and 
all congruent points, it follows at once that 


(t2(z) 

where .4 is a constant. 

To determine the value of .4, we consider how the expressions 
on each side of this equation behave near the origin. For 
sufficiently small values of \z\y 

p(2)~^(a) = 2-2-p(a)+0(22). 
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Moreover, by Taylor’s theorem, 

<t(z+q() = <T(a)+2a'(a)+0(2*) 
and ct(z — a) = — <r(a)+2o’'(a)+0(2®). 

Using the result of § 13.41, Ex. 2, it follows that 

a(2— a)(T(2+a) _ a^a) „ 

G^z) 2“ ' 

Equating coefficients of 2 ~® in the equation 

^ / \ .. / \ A <^(2 — aMz+a) 

we find that A = — l/cr“{a). We have thus shown that 


^{z)-p(oc) 


a(z — a)cr( 2 j-|-a) 
~aHz)a^Qi) 


provided that 2ot is not a period. 

The expressions on each side of this equation are, how- 
ever, analytic functions of a, regular save when a is a point 
of the set Qm,n- Hence, by the principle of analytical con- 
tinuation, the formula holds provided that a is not a period 
of ^( 2 ). 


Example 1. Prove that 
... ,, , a{2z) 


(ii) p'{z) = 2 


( 7(2 — a>i — a»2 )(t(2 — 0)3) 


(7^(2)cr(coi)cr(a>2M<^3) 

Deduce that 

( t { 2 z ) = — 2 {o’( 2 )a( 2 — cui)<7(2— cogMz— ci>3)}/{cr(a>i)<7(co2)cr(a>a)}. 
Example 2. Show that 
g { 2 z ) 


<r(z) 


= 2(7'3(2) - 3( t (2)(7'(2)(7''(2) + (THz)a"'{z), 


13.611. The functions [^( 2 )— 

We now define {^( 2 )— as meaning that square root 
which has a simple pole of residue + 1 at the origin. Since the 
principal part of p'(z) is —2lz^ near the origin, this definition 
implies that 

p'(2) = -2{p(2)-eip{p(z)_e2}i/2(^(z)-e3}i/2. 

In order to express {p{z)—e^yi^ explicitly in terms of Sigma 
functions,^ we write at = — in the formula of the last section 
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and obtain 


e>iz\-R =. g(z-C«^rMz + a>r) ^ .-2,,.^ «^(z + t^r ) 

by the pseudo-periodicity of g{z). Hence we have 

{p{z)-e,yi^ = 

cr(2)(T(a)J 


A consideration of the behaviour of the function near the origin 
shows that the upper sign must be taken, and so 


(r = 1, 2, 3). 
ct{8)ct(co^) i 

We see from this formula that {p{ 2 )— has simple poles at 
the points and simple zeros at the points 

In particular, we shall always understand by (e,.— the 
value taken by (p(z)— at the point w/, thus 

o(co,.)ff(a»3) 

Example 1 . Prove that {lo(z) — eiY^^ is an elliptic ftmction of periods 
2to, and 4wj and of order twcf, which has 0, 2tu, as a set of irreducible 
poles and Wi, b>i-|'2ait as a set of irreducible zeros. Determine also the 
corresponding results for {^(z)-e,}‘/2 and {|o( 2 )-e 3 }'/*. 

Example 2. Show that 

(ei-ej)*/2 = i(ej_e,)il2, (63-63)*/= = ^(63-63)'/=, 

= *(ei-e3)*/=. 

Example 3. Prove, by using Sigma functions, that 

P(ia)j) = ei+{(ei-e3)(ei-63)}*/= 

P ( io ) i +< U3 ) = Cj — {(61 — C2 )( C , — 63 )}*/®. 

Example 4. Prove the formula of § 13.51 by expressing 

-ei}i/={^a(2 + £ui)- Cl)*/® 

in terms of Sigma functions. 

Example 5. Show that 


P'{z + Wi) ^ — 

P'(2) 1 p(z)-f)(a>i) ) 

13.612. The functions a,.(2) 

By the introduction of the functions 


a,{z) = e-VrzS!^±^r) 

o(w^) 


{»•= 1.2,3), 
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the formulae of the preceding section take the simple forms 

a[z) 




<T(a>r) 


which will prove to be of great importance in the theory of 
Jacobi’s elliptic functions. 

The function g^{z) is an integral function with simple zeros 
at the points Moreover, it possesses pseudo-periodic 

properties analogous to those of g{z)\ these are expressed by 
the two equations 

a^{z-{-2(jjj) = — 

(T,.(2:+2ajJ = 

where r ^ s. The proof of these formulae is left to the reader. 


Example 1 . Prove that Gr(z) is an even function and that its Taylor 
expansion is 

Ofiz) = 1— ier**+A(?*-6e?)2‘+-. 

Example 2. Show that 

(i) 0-?(2)-aJ(2) == (e,-e>*(2), 

(ii) (ej— e,)(7?(2)+(ej— e,)<7?(2) + (ei-Cj)a|(z) = 0 . 


13.62. The expression of an elliptic function in terms of 
Zeta functions 

It can be shown that, if f{z) is a, simply -periodic function of 
period 77 whose only singularities in the strip 0 < Rlz < tt are 
simple poles ^1, P2,..., of residue c^, Cj c„ respectively, thenf 

f(z) = gr(z)+ 2<^rC0t(z— p,.), 

r=l 

where g{z) is a simply-periodic integral function. We now pro- 
pose to determine the analogous formula in the theory of elliptic 
functions, where Weierstrass’s pseudo-periodic function $(2) 
plays a part similar to that of cot 2 in the simpler theory J. 

Now although ^(2) is not an elliptic function, we can easily 

t See Ex. 42 on p. 157 . 

t 4(2) is the logarithmic derivative of <7(2), just as cot 2 is the logarithmic 
derivative of sin 2. 

4U1 B b 
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choose the constants a, so that 

^(2) = ^a^^(z-Pr) 

r==l 

is doubly -periodic. For 

— <^(2) = Pr) i^r)} 

r=l 

= ^ll^r= 0 , 

r=l 

n 

if 2 is zero; similarly 

<^(2+20^2 ) — ~ 

Thus (f>{z) is an elliptic function with simple poles at the points 
of the set 

Using this result, we can express any elliptic function in 
terms of Zcta functions and their derivatives if we are given 
a set of irreducible poles and the principal part of the function 
near each pole. 

To prove this, consider an elliptic function f{z) of primitive 
periods 2 wi and 2a>2, having a set of irreducible poles p^, 2?2v5 
p^. If the principal part of f(z) in the neighbourhood of pj^ is 

Wf, 

s=l 

we must have ^ ^ = 0, 

k^l 

since the sum of the residues of/(z) at a set of irreducible poles 
is zero. It follows, as we have just seen, that 

i <^k.iC{z-Pk) 

fc=i 

is an elliptic function. 

We now construct the function 

n mje 

F{z) =f(z)- 2 2 

fc=l g=i ' '• 

where C^^\z) denotes the 5 th derivative of l{z). If we remember 
that = — ^(z), we see at once that F(z) is an elliptic func- 
tion. It is, moreover, an integral function, since the principal 
part of F(z) at each irreducible pole has been made identically 
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zero. Hence, by Liouville’s theorem, F{z) is a constant, A say. 
Thus the function /(z) can be expanded in the form 


n mt 


fiz) = ^+22 

a^\ ^ '* 

This result is of particular importance when w^e wish to 
integrate an elliptic function. It gives immediately 


I f{z)dz afc,ilogff(2-p,.)+ 


n rrik 

k=\ 8=2 ' ' ' 

where B is the constant of integration. 

Example 1 . Provo that 

Deduce thatt, if u-\-v + w = 0, 

{J(u) + S(i;)+C(w)}Hr(M)+r(?^) + r(M’) = 0- 

Example 2. Provo that 

p{z-<x)p(z-P) - p(oc)p(^)+p{a-^){p(z-a) + p(z-P)-p((x)-p{P)} + 

+ p'(cc-Pmz-a)-U^-p) + C{a)-m)- 

Example 3. Show that 

^(j-a)-{{z-i3)-C(a-y3) + C(2a-2|8) 
is an elliptic function of periods 2oJi and 20^2. Prove that it is equal to 
ct( 2 — 2a 4- j8)(7(c — 2j3 H- a) 
a(2j3— 2a)o’(s— a)a(2— ^)’ 


13.63. The expression of an elliptic function in terms of 

P( 2 ) 

Let us consider, in the first instance, an even elliptic function 
of primitive periods and 2a>2, which is regular and non-zero 
at each point of the set Q„, The order of such a function is 
necessarily an even integer, say. 

Now if is a zero of f{z) in a certain cell, the point in the 
cell congruent to —z,. is also a zero of the same order as We 
can, therefore, choose k zeros Zi, Zf. in this cell, each 

t This result is a quasi-addition theorem for l{z). It is not a true addition 
theorem, since £'(z) is not an algebraic function of ^(2). 
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multiple zero being repeated according to its order, in such a 
way that they, together with the points in the cell congruent 
to — Zj, — Zg) --' form an irreducible set. Similarly we can 
choose Ic poles pg*- -* Vk^ they, together with the points 

of the cell congruent to — Pi, — P 2 ,.--, —Pk^ form an irreducible 


set of poles. 

When the zeros and poles have been chosen in this manner, 

the function k , v 

T-f P(^)-g>(gr) 


F{z) = I I 


I P(2^)-p(Pr)’ 


where ijp{z) has primitive periods 2a)i and 26 ^ 2 , is an elliptic 
function having the same poles and zeros as/(z). Hence/(z)/-P"( 2 ) 
is an elliptic function with no singularities and so is a constant 
A. Thus k /V /V 

f(z) = aU 

’ LI P(^)-P(Pr) 


• We next remove the restriction that f(z) is regular and non- 
zero at each of the points If f{z) has a pole (or zero) at 

the origin and congruent points, such a pole (or zero) must be 
of even order. Hence, if the positive or negative integer s be 
suitably chosen, f(z){p(z)Y is an even elliptic function which is 
regular and non -zero at each of the points is expres- 

sible in the above form. We have thus proved that an even 
elliptic function of periods and 2oj^ can be expressed as a 
rational function of ^.7(z|a>i,a>.,). 

From this it is easy to deduce that an elliptic function of 
primitive ])eriods 2a>i and 2 a >2 can be expressed in the form 

F{p{z)}+p'{z)G{piz)}, 

where p{z) has the same primitive periods 2io^ and 2 a> 2 , and F(X) 
and (?(A) denote rational functions ofX. For any elliptic function 
f(z) can be written in the form 


m = Hm+f{-z)}+i{f(z)-f(-z)}. 

The first term on the right-hand side of this equation is an even 
elliptic function, and so is a rational function F{p{z)} of p{z). 
The second term is, however, odd; but since p'{z) is also odd, 
i{/(2)-/(.7 2)}/P'(2) is even, and is, therefore, a rational func- 
tion G{p(z)) of p(z). The result stated now follows immediately. 
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An important consequence of this result is that every elliptic 
function possesses an addition theorem. For an elliptic function 
f(z) is, as we have seen, expressible in the form 

/(2) = F{p{z),p'{z)}, 

where F denotes a rational function. Hence, writing 


^{u) = pi, p'(u) = p{, p(v) = P2, p'(v) = Pz, 

we have _ F(p„pi), (i) 

f(v) = F(p2,p'), (ii) 

f(u+v) = F(p(u+v),p'(u+v)}. 

But by the addition theorem for p(z), we can express p{U’\-v) 
and p'(u-\-v) as rational functions of P2y 

f{u+v) = G(pi,2J2,piP2)> (iii) 


where G denotes a rational function. If we now eliminate 
Pv P2y Ply P2 from the equations (i), (ii), and (iii), by the 
aid of the identities 


Vx = 4p?-gr2Pi-gf3, p'^^ = 

we obtain an algebraic relation connecting f{u+v), f{u), and 
f{v); this proves the theorem. 

Example. Show that 

p(2-a)-p(2 + Q:) = p'(2)p'(a)[P(2)-p(a)r“- 


13.7. The evaluation of elliptic integrals 

An integral of the form J F(t, u) dt, where F denotes a rational 
functionf of i and u, and where 

is a quartic or cubic function of t without repeated factor, J is 
called an elliptic integral. For example, the integral 

which is equal to the length of arc of an ellipse of eccentricity 

I It must be genuinely a rational function of t and w, and not a rational 
function of t and m*. In the latter case the integral can be expressed in terms 
of the elementary functions of analysis. 

J If 14 ^ has repeated factor, wo can evaluate the integral by means of ele- 
mentary functions. See Hardy’s tract cited on p. 362. 
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k and major axis 2 a, is of this tj^e; it is from this fact that the 
class of elliptic integrals derives its name. 

We shall now prove the important theorem that any elliptic 
integral can be evaluated in terms of Weierstrass’s periodic and 
pseudo-periodic functions, combined with the elementary func- 
tions of analysis. The first step in the proof is to transform the 
integral into a canonical form 

J G(w,v) dw, 

where 0 denotes a rational function of w and v, and 
= 4w^—g2W—g^, 
where gl—^lgl is not zero. 

Let us consider how the expression 

/ Ez (Iq + 4a 1 x^y + fia^ xhf + 4a3 xy^ + y^ 
behaves under the transformation x = lX-\-mY,y = VX -j-m' Y, 
where A — bn'—Vm is not zero. The quantities 

1 0^0 

gz == «2 

«2 «3 

are known to be invariantsf with respect to this transformation. 
This means that, if 

f =■ A^X*+iAiX-‘Y-\-&A^X^Y^+4A3XY'^+At Y*, 
and if Gg and are the same expressions in the coefficients 
A^ as </2 and <73 are in a,, then G^ = and G 3 = More- 
over, since / has no repeated factors, 27gf| is not zero We 
now show that the transformation can be chosen so that A^ 
and A 2 vanish. ® 

It is easily seen that A^ vanishes if I = where L is a root 
ot the equation 

~ tto<*+4ai<M-Ca2<^-f-4o3<-f-a4 = 0 . 

When <0 has been chosen in this way, A 3 vanishes if the ratio 
01 m to m 18 given by 

t See, for example, EUiott, Algebra of Qxumtica (Oxford, 1913), 8, 21. 
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where denotes the value of d<l>ldt when t = Iq, and similarly 
for <j}Q. Hence 

m — m'tQ, or = m'(/o (^ 0 — 6 ^ 0 ). 

The first value of m : m' provides a trivial transformation 
which makes A zero. Since <j>Q is not zero by hypothesis, the 
second value is non-trivial and gives the transformation 

x = aX+AF)-y, 2 / = X+A7, 
where 6 A = ^o/^o- The corresponding value of / is 
4A^X^Y+^A^XY^+A^ Y\ 

where A^ = Since A = 1 , the invariance of gfg ?3 

gives the other coefficients A^ = --lg 2 l^v ~ 

If we now write x = ty, X — wY/A^, we find that 

t/V(<) = /= Y*(iw^—g2W—g3)/Al, 
whore y=L(u,+XA,). I = 

Finally, if we substitute for y in terms of Y and replace the 
values of and A, we obtain 

\W 249or 

where t ^ 

2i90 

With this change of variable, the general elliptic integral is 
brought to the canonical form 

J G{w, v) dw, 

wffiere G denotes a rational function of w and if, and 
V- = 4vP—(j^w—g^, 

where S'!— 27gf§ is not zero. Assuming that we can determine 
numbers and whose ratio is not real, such that| 

g^ == 60 2' 93 = 140 Q , 

we make the transformation w — p{z\w^,oj^)y which gives 

f G{w,v)dw= J G[p{z),p'(z)}p'{z)dz. 

t A proof of the validity of this assumption is given in Chapter XV . 
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As the integrand is now an elliptic function of periods 2a)i and 
2 cu 2, evaluated in terms of Weierstrass’s periodic and 

pseudo-periodic functions by the method of § 13.62. This proves 
the theorem. 

Example. Prove that, in the above notation, the equation 

C = j 

implies that t 9'2»S^3)“^lV0"(^o)}”^• 

RE^ERENCES 

H. A . Schwarz, Forrmln und Lchrsatze zum Gehrauche der elliptischen 

Funktivnen (Berlin, 1893). 

J. Tannery and J. Molk, Fonctions elliptiques (Paris, 1893-1902). 

MISCELLANEOUS EXAMPLES 

I. Prove, by the use of Liouville’s theorem or otherwise, that 

p(z) - k22) + lP(2z)-ea}V2{p(2z)-e3P/24- 

Deduce that 

- -2(Ci-C2)^/2(ei-e3)'/2{(c,-e2)W2 + (e,-e3)V2}. 

2. Show that, if 3cx be a period of p{z)y 

{P(2^)--p(a)}{P(2 + a) — p(a)}{p(2 + 2a) — J3(a)} = — 

3. Prove that,t if 21-1-22+23+24 = 0, 

(e*-e,) n {P{^r)-ei}'/H(e,-e,) n {P{Zr)-ei}^l^+ 

r-l T-1 

+ (ex-et) fl {p{z,)-e,yi^ 

T-l 

~ (®i ®a)(®, ®8)(®* ®i)‘ 

4. Prove that, if a+^+y = 0, 

&{P)P'{ y )-P'( P)9{y) _ P{Y)P'(°^)- P'{Y)P(a) _ p{(x)e>'{P)-p'((x)p[p) 
P(fi)-P(Y) iJ(y)-$a(oi) p{a)-p{h 

■■= i{P'(cc)+p'{^)+ p'iy)} + 1 {p(oc) + p(fi)+ p(y )}’/* 

= {4p(a)p(j8)p(y)-9,}V*. 

6, Show that 

p'(2)p'(2 + { 0 i)p '(2 + tu,)p'(*+t 0 s) = gl-21gl, 
where jr, and jr, are the invariants of p(*), 

t The simplest method is to write z, = z, z, = «, a, = Z 4 = y-z, .where 
a + P+Y -0, and then to regard the expression on the left-hand side as an 
elliptic function of z, whilst a, p, and y are constant parameters. 
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6. Prove that, if n is an integer, io{nu) can be expressed as a rational 
function of p(w). Show, in particular, that 

P* + kj 2?j P + iVs/i 

4p’-'?2p-</3 


(i) p( 2 m)=‘- 


where ^ = p'^(u)[^{u)— (p(2u)]. 


(ii) ^(3 m) = + 


7. If 

F{z) — a(«+o)<T(«—o)(x(6+c)o'(6—c)+a(2+6)a(z—6)a(c+o)a(c—a)4- 

+ a(s + c)a(2 — c)o'(o + &)a(a —b), 

prove, by considering the function F(z)ja^z) or otherwise, that F(z) is 
identically zero. 


8. Prove that 

1 p(2) P'(2) 

1 p(o) p'{a) 
1 ^0(6) p'(6) 


a{z+a+b)<r{z—a)a{z—b)a{a—b) 

a^(z)a^(a)a^{b) 


9. Show that 


1 P(«o) P'(«o) 

1 p(Mi) p'(«i) 
1 p(Mj) 




1 P(Mn) P'(Mn) 






1 ! 2 !. 


n!<T(Mo+Mi + ...+Mj n Mm) 


where the product is extended over all pairs of integers A and p from 
0 to n, with the restriction that A < p. 

Deduce that 


p(u)-p(v) p'(u)-p'(v) 

p'(u) p''(u) 

P ' iv ) P ''{ V ) 

10. Prove that 


p''{u)-p'’(v) 

( P ”( v ) 


^ a{2u+2v)<j*(u—v ) 
(Oxford, 1925.) 


P'(m) 



P'lw) 

P"'(M) • 

■ . . P'^V) 


P‘">(M) • 



= (-l)«-'{l!2!...(n-l)!}» 


CT(nu) 

Wm)}"*’ 


(Kiefest.) 
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11. Prove that 


(Ti(2u) ay(2v) O’i(2w0j 

02 ( 21 ;) q ^( 2 w ) j 
<^ 3 ( 2 ^) or3(2t;) g ^{2 w ) I 




a(u — v)<t(u H- v)g{v -\-w)(j(v — w)a{w-{-u )a(w — u) 
a2(a>JcT®(a>2)<^*(^3) 


12. Prove that, if the numbers a, j8, y denote 1, 2, 3 in some order, 

(i) a(w-fa)a(a — a) — a*(w)aj(a)— aJ(2^)o“(a), 

(ii) Gju-i-a)aju — a) — or“(w)aJ(a) — (e^ — e^)(e„ — 6 y)CT*(w)cr®(a), 

(iii) aju-hajaju-a) = <Tj(ii)a|(a) — (e^ — 6^)02(0)05(1/). 

Deduce the result of Ex. 1 from equation (iii). 

(Tannery and Molk.) 


13. Prove that o(3-l-a)/o(a) is equal to 

«pw(a)-. !».««)! n + 1 


where multiplication is extended over all positive and negative integral 
and zero values of m and n without exception. 

Deduce that 




14. Show that, if g' = that |^| < 1, the function 

fl (i- 29 -cos^ + 5- 

is an integral function with the same zeros as a(z). 

J5y showing that 2^(z)/a(z) is an elliptic function without singularities, 
deduce that 

.(z) = n 

77 ^\2(Ui/ \2to,/ 1 1 \ (1 — g*")* 


16. Prove that 


1 + 2g“* cos TTz/co, + g*" 
(1+3'“")* 


..(« - n ( 

'/t=l 

o,(z) = n 

^\2(ui/ 1 1 I (1— g*’‘-M2 /’ 

W=1 

a,(z) = exp(M*) fr 
\2£U,/ i 1 I 
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16. Show that, if |g| < 1 and 

?o = n(i-9n 9i = n(i+9n ?, = n(i+9”'-‘). 

n=l n=l n-\ 

7i = l 

then 

Prove that, if g = 

(ei-e,)*/* = ^ V'^9o9J. (ei-Ca)'/* = ^9»9s- 

Deduce that = 92"“53* 

17. Prove that, if ojJcji = iA, where A is real and positive, then ej, e*, 

are real, and > e^. 

18. Determine the limiting forms, as A-^ +oo, of tlie four Sigma 
functions with parameters Wi — 77 , 0)2 = 


19. Provo that 


<r(z) = ?^exp(|£)sing- 

71=1 

Vii ^ JL ^ JL V' 


sin2(7r2/2a»i) 


sin*(n7ra>2/ct> 


y/ X , TT ^ 7TZ . 7T ’ST' f .7 

— 00 


y' 

-H-cot- 


\no)2) ^ 2" 


-nTTOJg 

cosec’* 

OJi 


20. Prove that g(z\\o)i,o) 2 ) = ex^(^^z^)u(z)(j^(z). 

Deduce that p(z\\o)i,o} 2 ) = ^i- 

21. Prove that w = p(-|iaii,a» 2 ) satisfies the differential equation 

(^) =•*«’*- 

where G, = 60ei[-4flr2, G, = 14ei?j+22</3. (Oxford. 1922.) 


22. Show that if 4:W 


dz 

(2+a)^/2(z + 6)®/*’ 


then 2 -h 6 = where the invariants of p(w) are g 2 = 4(6— a) and 

^8 = 0. 



CHAPTER XrV 


JACOBI’S ELLIPTIC FUNCTIONS 


14.1. The construction of elliptic functions with two 
simple poles in each cell 

In the i)revjous chapter we saw that the order of an elliptic 
function cannot be loss than two and we considered in detail 
Weicrstrass’s function p(z), which is of order two and has one 
double pole in each cell. We now introduce three other elliptic 
functions of order tw^o, which differ from p(z) in that each of 
them has two simple poles in every cell; these are essentially 
the elliptic functions of Jacobi. Whilst Jacobi’s functions are 
slightly more complicated than p(z), they possess, as we shall 
sec, distinct advantages when we wish to obtain numerical 
results in problems involving elliptic functions. 

Let us consider the functions 


S(z) = 




a(2) 

a,{zy 


C(z) = 


gi(z) 

<^2(2)’ 


D(z) = 


£3(5) 

a,(zy 


in the notation of the previous chapter. If we make use of the 
pseudo-periodic properties of a(z) we find that, when z is in- 
creased by 2w^, S{z), C(z), and D{z) are reproduced, save for 
a multiplier ±1. as indicated below. 


1 2a)i 

2cU2 

2Wy 

S(z) 

-1 

4-1 

-1 

(J{z) 


-1 

4-1 

D(z) 

+ 1 


-1 


It follow's that each of the functions is doubly-periodic, though 
each has a different primitive period -parallelogram. 

The only singularities of S{z) are the points at which crjfz) 
vanishes, and these are simple poles at the points of the set 
Thus iS’fz), and similarly C{z) and D{z), are elliptic 

functions. 

The three functions are not, however, independent. For since 
and 4^, are periods of each of them, it follows by the 
theorem of § 13.4 that C(z) and D{z) can be expressed as alge- 
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braic functions of S(z). The explicit formulae are easily obtained 
when we observe that 



We find, in fact, that 

C{Z) = D{z) = , 

I I 


1/2 


the square roots being chosen so that C{z) and D(z) have the 
value +1 at the origin, where S(z) vanishes. 

The latter relation is usually written in the form 


where 


J)(z) = {l-F52(z)}l/2, 
_ (es-e,y'^ 


k is called the modulus of the functions /S( 2 ), (7(2), and D{z), 
Since e^, Cg, and are distinct, k is finite and cannot have the 
values 0 or ±1- 

Similarly, it must also be possible to express the derivative 
of S{z) algebraically in terms of the three functions. Now 


S'(z) = 

and so, by § 13.611, 


i e,-e,)^l^p'{ z) 
2{p(z)-e,ri^- ’ 


^ ^ p(z)-e. 


which gives 


,S'(2) = {ei-e,yizC{z)D(z). 


From this we deduce that 


C'(z) = -{e,-e^yiW{z)S{z), 

D'(z) = -(e,-e^yizk^S(z)C{z), 

by using the formulae expressing C(z) and D(z) in terms of 
S(z). 


14.11. General description of the functions 8(z), C(z), and 
D(z) 

Tlie function S(z) is an elliptic function with periods 40), and 
2 a< 2 , the points 0, iw^, 4coi+2ct>2, 2 ci> 2 , taken in order, being the 
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vertices of a primitive period-parallelogram. It is, moreover, an 


odd function; for 


S(-z) = (.,- 6,^44 = 


a{z) 


(To(—z) 


<72(2) 


since a{z) is odd and ^2(2) even. 

iS’(2:) vanishes only when a{z) — 0; thus the only zeros of 5(2) 
are simple ones at the points of the set Q,„ As two of these 
zeros occur in every cell, S(z) is an elliptic function of order 
two. Similarly the only singularities of 5(2) are the points at 
which a^{z) vanishes, and so are simple poles at the points con- 
gruent to 0^2 or to 2aji+u>2 (mod 40 )^, 2603). 

The residue of 5(2) at cuo ia equal to 


lim \(e^^—e.yyt^cj{z) 


Go(z) 


il= 




2 ^(^2) 

<(^2) 


But . ^2(2) — e^2%(ca2— 2)/cr(a>2), 


and so <^2(^2) = 


If we remember that 




<7( CU;0 

a(a>i)(T(a>2) 


we see that the required residue is 


ct(coi) 


<7(a>2-|-t03) 


-(e3-e,)-i/2. 


Moreover, since the sum of the residues of an elliptic function at 
its poles in any cell is zero, the residue at 2cxj^-\~w2 (^3~^2)~^^^- 

The function (7(2), however, is obviously an even elliptic func- 
tion with periods 4ca2 and 2 aj^. The j)oints 0, 4a>2, 4a;2+2co3, 20^3, 
taken in order, are the vertices of a primitive period-parallelo- 
gram for C(z)] the latticef of period-parallelograms associated 
with C{z) is thus different from that of 5(2). The only zeros 
of C{z) are found to be simple ones at the points of the set 


t The reader is acivised to draw a diagram of the lattice of period -parallelo- 
grams associated with each of the functions S{z), C(z), and D(z}. He will see 
that the three lattices considered here are not the only possible ones; for 
example, we might have taken the points 0, 4oj^, 4oji — ^^^3, — 2a>3 ns the vertices 
of a primiti\'e period -parallelogram of r(z). 

The three lattices of period -parallelograms considered here are probably the 
simplest, since each is derived from the preceding one by a cyclic permutation 
of ojit 0)2, and 0)3. 
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as there are two of these in each cell, C{z) is of 

order two. 

The singularities of C{z) fall into two sets; they are simple 
poles at points congruent to a>2 or (mod 4a>2, 20)3). The 
residue at cug ^od congruent points is 

lim f (g-<^2)gi(z) l ^ ^ ^ ifg _e wi/2 

a^iz) i a(aj2+a>3) ® ® 

From this it follows that the residue at each pole of the second 
set is — ^(63— 

Finally, as the reader will easily show, D(z) is an even elliptic 
function with periods 40^3 and 2 a}i, the points 0, 4a>3, 40)3+ 2a>i, 
2 ojj, taken in order, being the vertices of a primitive period- 
parallelogram. It has a simple zero at each point of the set 
as two zeros lie in every cell, D(z) is of order two. 
Moreover, its only singularities are simple poles at points con- 
gruent to oig or to oj2+2aj^ (mod4a»3, 2 a}^), the residue at each 
pole of the first set being — i(ei— and at each pole of the 
second set 


14.12. The complementary modulus 

The complementary modulus k' associated with S{z), C{z), 
and D{z) is defined by the equation 


k' = 


(erz^^ 


and so is connected with the modulus k by the relation 




Moreover, k' is finite and is not equal to 0 or ± 1 - 


Example. Prove that 

S(a)i) = 1, C(aii) = 0, D(aJi) = k\ 

^(0,3) = - 1 /fc. C(a>3) = ^ik'lk, JD(a)3) = 0 . 


14.2. Jacobi’s elliptic functions 

The occurrence of the factor (e^— 63)^^“ in the formulae for the 
derivatives of S(z), C{z), and D{z) suggests that it would be 
advantageous to change the independent variable from 2 to 
where u = (^1—^2)^^^- 
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Accordingly, we define Jacobi’s elliptic functions! by the 
equations 

snw = cnu = C{{e^—e 2 )~^^^u}, 

dntfc = D{{ei—e2)~^^^u}, 

and the identities of § 14.1 now take the simple forms 
cnu — (1— sn^w)!/^, dni^ = {l—k-sn^u)^f^, 

d 1 ^ j 

— sn w = cn w dn —cnu —anu sn u, 

du du 

^Anu = — fc-sni^cn?^. 
du 

If we add or 4a>2(^i“^2)^^“ three func- 

tions snUj cnu, and dni^ are unaltered. Accordingly we call the 
numbers iK' = 

the quarter-periodsf of Jacobi’s elliptic functions. It follows 
from § 14.1 that, when u is increased by a half-period 2A", 2iK\ 
or 2A+2iA', snz/, cnw, and dnt^ are reproduced, save for a 
multiplier ±1 j as shown below. 



; 2iC 

2iK' 

2K^2iK' 

anu 

-1 

4-1 

-1 

cnw 

! 

-1 

4-1 

dnw 

' 4-1 

-1 

-1 


Finally, the equations defining Jacobi’s elliptic functions now 
take the form 


sn(Kzl<o^) cn{Kz/cji) = , dn{Kzlcoi) 

wia^iz) a^(z) ' ' 

Example 1. Show that 

snO = 0. snK = 1, sn(Ji:+iJf') = 1/*, 

cnO = 1, cni: = 0. cn{K+iK') = -ik'/k, 

dnO = 1, dniC = k'. dn{K+iK') = 0. 


ogiz) 

(Tziz)' 


t This notation is due to Gudermann (1838). Jacobi wrote sin am u, 
COB am u, A am u for sn u, cn dn m, when he published his discoveries in 
his Fundamenta Nova Theoriae Functionum Ellipticarum in 1829 ; he regarded 

sn M, cn Uf and dn u as the sine, cosine, and derivative of a function am u 
aniu 

defined by the equation J (l-Jfc2sin*^)-i/2 = m. Cf. § 14.41. 

t It should bo observed that I11 (jK'/^) > 0 since Im(cu|/a)^) > 0. 
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Example 2. Prove that Jacobi’s elliptic functions have the Taylor 
expansions 

o ! o ! 


cnw = 1 — + 

« ! 4! 

valid near the origin. 


Example 3. Show that 


K = 


cjoJl-j-Wz) 

CT(aJi)CT(aj2) 


k' = e^’^i"’^*^"i(7*(cD2)/cr®(aii), 


K' = co2e-^i^» 


(TjoJi + CDi) 
(T(0Ji)(T(aJ2)* 


Example 4. Show that,t if t = aj 2 /coi and q = 

k = 4gi/2n 

n=-l 

n«l 

n=l 

iK' = J^rr n 

Deduce that, when t is purely imaginary, the four numbers k, k\ K, K' 
are real and positive and that A% k' are less than unity. 

Example 5. Prove that,! as Imr-^ +oo, 

k->0, k'-^l, iS:'-log(4/A:)->0. 


14.21. The general properties of the functions snw, cnw, 
and dni^ 


It is convenient at this stage to translate into the new nota- 
tion the properties of C{z), and D(z) discussed in § 14.11. 
The only real difficulty is the determination of the residues. 
We have already seen that 


S{z) = 


1 

(63 OJ2) 


f®, 


t Use the result of Ex. 16 on p. 379. 

t We shall see in § 14.4 that, when k is given, the principal value of t is 
determined, and that, when -► 0, the imaginary part of this principal value 
tends to infinity. Thus A; -> 0 implies that K -> and K* —\og{^jk) -> 0. 

4111 0 C 
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where O denotes a function which is regular at z = cog. It 


follows that 
sn?^ = 






+0 = 


kiu—iK') 


+<I>, 


where O is regular at = iK\ Thus snw has a simple pole of 
residue l/k at every point congruent to iK' (mod 4K,2iK'); 
similarly, it also has a simple pole of residue — l/k at every 
point congruent to 2K+iK\ The residues of cn 2 ^ and dnt^ are 
obtained in the same way. 

We see, therefore, that sn u is an odd elliptic function of order 
two with primitive periods 4ir and 2iK'. Its only singularities 
are at points congruent to iK' or to 2K-\-iK* (mod4X, 2iiiL'); 
these are simple poles with residues l/k and —l/k respec- 
tively. Its only zeros are simple ones at points congruent to 
0 or 2K. 

A slight difficulty occurs when we come to translate into the 
new notation the ])roperties of enu and dni^. It will be remem- 
bered that the lattices of period-parallelograms of C(z) and D(z) 
were obtained from that of /S(z) by cyelie permutations of the 
parameters cji, ojg, and cog. In the theory of Jaeobi’s functions 
there is no special symbol for ^ certain lack of 

symmetry results. We could, if we wished, take the parallelo- 
gram with vertices 0, UK', —2K+2iK', —2K—2iK' as funda- 
mental for cnu. But since every period of enu is of the form 
4mK -\~2n(K iK'), it is usually found more convenient to take 
the points 0, 4A, 4:K+2{K+iK'), 2K-\-2iK' as the vertices of 
the primitive period-parallelogram of cnu. 

The function cnu is, then, an even elliptic function of order 
two with primitive periods 4:K and 2K+2iK'. Its only singu- 
larities are at points congruent to iK' or to 2K-{‘iK' (mod4A', 
2K-\-2iK')\ these are simple poles, with residues — i/k, i/k 
respectively. Its only zeros are simple ones at points congruent 
to K or 3K. 

Finally, dnw is an even elliptic function of order two with 
primitive periods 2K and UK' , Its only singular points are 
congruent to iK' or to ^iK' {jnod2K,UK')\ these are simple 
poles of residue — i and +i respectively. Its only zeros are 
simple ones at points congruent to or K+^iK\ 
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14.22. Glaisher’s notation for quotients of Jacobi’s func- 
tions 

It is convenient to have a notation for the reciprocals and 
quotients of Jacobi’s elliptic functions. We shall write 

l/sni4 = nsi^, llcnu = ncu, Ijdnu = nduy 

snulcnu = sew, snw/dnw = sdw, enu/dnu = edw, 

enw/snw = csw, dnw/snw = dsw, dnu/enu = dew. 

This notation is due to Glaisher.t 

14.3. The addition theorem 

Since snw, enw, and dnw are elliptic functions, each of these 
functions possesses an addition theorem whoso form we shall 
now determine. t 

Let us consider the function 

F(u) = cnwcn(w— a)+^ snwsn(w~Q:), 

where A and a are constants. It is an elliptic function whose 
primitive periods are 2K and 2iK\ If a is not congruent to 
K, iK* or K-^iK' (mod 2A’', 2iA^'), each term in F{u) has two 
simple poles in each cell at points congruent to iK* and 0 L-\-iK\ 
We can, however, choose the constant A so that the principal 
part of F(u) at iK' and congruent points is identically zero; 
thus F{u) is an elliptic function with only one pole in each cell 
and so is a constant, by Liouville’s theorem. Putting w == 0, we 
see that F{u) = cn ol. 

The appropriate value of the constant A is determined by 
observing that, when |?i| is small, 

F(u) = cna+wdnasna— Wi4sna+0(w‘^). 

Hence .4 = dn a and so 

cnwcn(w— a)4-sn wsn(w— a)dna = cna. (i) 

This formula is true provided that a is not congruent to iK\ 
the restrictions that a is not congruent to K or K-\-iK' being 
relaxed by an appeal to the principle of analytical continuation. 

t Messenger of Math. 11 (1882), 86. 

X The method of proof given here is a slight modification of that of Hurwitz 
and Courant, Funktionentheorie (3rd edition) (Berlin, 1929). 
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In a similar manner we can show that, when ol is not congruent 


dnwdn(w— a)+i-sn?^sn(M— a)cna = dna. (ii) 

If we now put ol = u-{-v iw equations (i) and (ii), we obtain 
c^C2—s^Sodn{u+v) = cn{u+v), 
and d^d^—k-$^s^(m{u-{-v) = dn{u+v), 

where, for brevity, we have written = sni^, ^2 ” dnv, and 
so on. These equations give at once 

ChCo — didoSiSo J / I \ ^1^2 ^1^2 

= 1-1^44 ' ■ ■ 

Finally, writing cx ■— — ?Mn equation (i), we obtain 

.9iri2sn(iA+i’) = Cg— ricn(w+i;), 

from which it follows that 
sn(«+.) = 


Now this last equation can be written in the form 


sn(?^ 4 - 2 ^) = 


5^(l_,2)l/2(l_P52)l/2 + 5^(l_,,2)l/2(l_i;252)l/2 

T^k^sl 


on using the identities connecting the functions snt^, cnn, and 
dn?^. This equation expresses sn(^^+i;) as an algebraic function 
of sn u and sn r, and so is the addition theorem for sn u. Similar 
remarks apply to the formulae for cn(2^-|-v) and dn(wH-i;). 

We have thus shown that the Jacobian elliptic functions 
possess the addition theorems 


sn(w+r) = 


sn cn V dn V + sn i; cn 'It dn 
l—k^ sn^u sn^v 


. , V cnitcnv— dn'ztdni;snwsni; 

cn(M+r) = - „ , 

1 — Aj-* sn-u smt; 


dn('it+?;) 


dnudnv—krsnusnvcnu cn v 
1 — ^2 8 ^ 2 ^^ 8 ^ 2 ^ 


Example 1 . Provo that 

sn(w+isr) = cdw, on(?/+/iC) = —k'sdu, dn(w+I^) = fc'ndtt, 
sn(w+A:-i-ii^q = k-^dcu, cn{u+K+iK') = -ik'k-^ncu, 
dii{u~^K+iK') = ik' sc u. 
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Example 2. Deduce from Ex. 1 that 

sn(w + iX') = k~^nsu, cn{u-{~iK') = —ik^^dsu, 
6n{u-\-iK') = —icau. 

Hence show that, when \u\ is small, 

on(u+jJ£-)_ + 

i 2 — k^ 

cln(w-|“'^-^^) “ 1 ... . 

Vi D 

Examples. Prove that 

sn(w + a)sn(w — a) = (sn^w — sn^a)/{l — 
cn(M+a)cn(^i— a) = (cn®a — cln2asn'®M)/(l --A'^sn^Msn’^a), 
dn(w + a)dn(w- a) = (dn^ct— fc^cn2asn2ti)/(l — fc’^sn’^wsn^at). 


Example 4. Writing s, c, d, S, C, D for sn u, cn w, dn u, sn cn 2w, 
dn 2w respectively, prove that 


>S = 


28 cd 


Deduce that 


C = 


2 

® 1 +D’ 


1 +D’ 


D - 


1 - 2 A;V-|-^ 


(Glaisher.) 

1 + C/ 


Example 5. Show thatf 

sn iX = 1/V(1 +A;'), cn JX = VA^WCH-A;'), dn = VA;'. 


Example 6. Prove that 


sn{t^ + iX) = 


Aj'sn w + cn w dn w 
Q.n^u-\'k' an^u 


14.4. Jacobi’s elliptic functions of given modulus 

Weierstrass’s elliptic function 

= ^+2 

is obviously a homogeneous function of the three variables z, cui, 
and cog of degree —2; in particular, the constants Cg, and 63 
are homogeneous functions of wi and a>2 of the same degree. 
Hence the function / . ^ u/2 

iP(^) ^2/ 

t In this result, the branches of the square roots of k' and 1 +A;' are defined 
by requiring them to be positive when 0 < k < 1. 
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is homogeneous of degree zero in z, a>i, and 0 ^ 2 , and so is of the 
form F{z/ajiyT)y where t = gives 

snw — S{u{ei—e 2 )~^^^} == F{u{ei—e 2 )~^^^liOiyT}. 

As is a function of r alone, it follows that sn-a de- 

pends only on the independent variable u and the parameter t; 
similarly for cnu and dni^. 

This means that, w’hen t is assigned, we obtain the same 
Jacobian elliptic functions, no matter what pair of parameters 
oji and 0)2 we employ in their construction, so long as the ratio 
wjcoi is equal to r. 

Similarly the quantities 

K = iK' = 

are functions of r alone; moreover, the explicit formulae, found 
in § 14.2, Ex. 4, show that they are analytic functions, regular 
when Imr > 0. 

Conversely, when k- has a given value c different from 0 or 
1 , the Jacobian elliptic functions are uniquely determined. (This 
fact is often emphasized by denoting them by sn(t6, fc), and 
so on.f) To prove this, we need to show that the equation 
(^3“-e2)/(ei— Cg) = c always has a root t whose imaginary part 
is positive, and also that every root of this equation leads to 
the same set of Jacobian elliptic functions. 

This problem is completely solved in Chapter XV. We show 
there that the equation always has a root tq lying in a certain 
‘fundamental region’ of the upper half of the r-plane, and that 
any other solution is of the form (aTQ+26)/(2cTo+d), where a, b, 
c, and d are integers such that ad—^bc= 1. From this it is 
deduced that the functions sn(^^, A;), cn('z^. A;), and dn{u,k) are 
uniquely determined when k^ is given. 

The equation (^g— e 2 )/(ci— Cg) = ^ defines t as a many-valued 
function of c, with branch-points at c = 0, 1, 00 . Each branch 
is regular in the c-plane supposed cut along the real axis from 
—00 to 0 and from 1 to. -fcx). As c -> 0 the principal branch tq 
tends to infinity along a line parallel to the imaginary axis. 

t The notation is rather unfortunate, as A;* is given, not k. 
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These branch-points of t, regarded as a function of c, are such 
that has branch-points only at c = 1 and c = oo, and is 
regular in the c-plane supposed cut only along the real axis from 
1 to -f 00 . 

Finally, since! 

n«l 

where q = these results imply that K is an analytic func- 
tion of c, regular in the cut c-plane, and that K' is also regular 
provided that an additional cut is madej along the real axis 
from —00 to 0. 

14.41. The evaluation of an elliptic integral 

When is not equal to 0 or 1, the expression 

0 

is an elliptic integral. We now show that, when the path of 
integration does not pass through a branch-point of the inte- 
grand, we can evaluate this integral by means of the substitution 
z = sn{w,k). 

The equation z = sn(t(;, k) defines as a many- valued func- 
tion of z. For if If; = f{z) is any solution of this equation, then 
w = f{z)-\-^m,K-\-2niK' 
and w = 2K—f(z)-{-^mK-{-2niK' 

are also solutions for all positive and negative integral and zero 
values of m and n. Since 

dz 

the only singularities of w are branch-points at z = ±1 and 
z = ±1/A;. 

There is, however, a unique solution of the equation which 
is regular in a neighbourhood of the origin and vanishes at the 
origin. The existence of this solution w = F{z), say, is a con- 
sequence of the inverse-function theorem of § 6.22, since sn(t(;, k) 
has a simple zero at the origin and is regular when \w\ is small, 
t See S 14.2, Ex. 4. 

t Actiiajly the cut from c = ltoc = -t-cois unnecessary in the case ol K', 
See § 14.44. 
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As the path of integration does not pass through a branch- 
point of the many-valued function w(z), we can continue F(z) 
analytically along it. Accordingly the transformation w = F(z) 
determines a definite path of integration in the «^-plane, which 
starts at the origin and ends at a point v, where is a certain 
solution of the equation sn(v, i) = s. The particular solution 
V which has to be taken evidently depends on the manner in 
which the path of integration in the 2 :-plane passes between the 
branch-points ±1 and ±1/^* 

If we now make the substitution z = ^n(w, k) and suppose 
that the integrand has the value +1 at the origin^ we obtain 

8 V 

J (1-z2)-1/2(1_F22)-1/2 = ^dw=^v. 

0 0 

Example 1 . Prove that 

1 

(i) M = J + 

enu 

1 

(ii) M = J (1 

duu 

00 

(iii) u = 

C8U 

sdu 

( iv) It = J ( 1 - *'*<*)-!/*( 1 + dt. 

U 

Example 2. Show that, if k'^ is not equal to 0 or 1, 

0 

J = v, 

u 

where v is a solution of the equation Hn(v,k) = sin6. (This equation 
was used by Jacobi as the definition of his function 6 = amv.) 

14.42. The expression of K in terms of k 

We saw in § 14.4 that K is an analytic function of c (= *2), 
regular in the c-plane supposed cut along the real axis from + 1 
to -foe. We shall now show that the equation 
1 

J (l-x2)-i/2(l-ca;»)-i/2 dx = K, 

u 
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where the path of integration is a straight line, holds every- 
where in this cut c-plane. 

By § 14.41, the value of this integral is u-\-imK+2niK\ 
where m and n are integers and 14 is a zero of 1— snw. But as 
1— sni4 is an elliptic function of order two with a double zero 
u = K, we have 
1 

J (1— a:2)-i/2(l-car2)-i/2(fa:= (4m+l)K+2mX', 

0 

where m and n are integers to be determined. 

Let us consider first the case when 0 < c < 1, so that the 
value of the integral is real and positive. In this case the 
principal value of t is purely imaginary, and therefore K and 
X' are also real and positive. This implies that m ^ 0 and 
n = 0. But if m were positive, there would exist a number Xq 
between 0 and 1, such that 

aro 

J (l-a:2)-i/2(l-ca;2)-i/2 dx = K; 

0 

we should then have sniC = a^Q < 1, which is impossible. Hence 
m = 0, 

We have thus shown that 
1 

0 

when 0 < c < 1. The truth of this formula when c lies any- 
where in the cut plane immediately follows by the principle of 
analytical continuation. 

14.43. K expressed as a hyper geometric function 

If we write x = sind in the integral -formula for K, we find 
that 

^ = j (1— csin20)-i/2 
0 

when c lies in the cut plane. When |c( < 1, we can expand the 
integrand as a series of ascending powers of c which converges 
uniformlyf with respect to 0 and so can be integrated term by 


•f By WeierstrasB’s M-test, since 0 ^ 1. 
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term. This gives immediately 

K = i7rF{li]l\c), 

where c = 

By the principle of analytical continuation, this formula holds 
everywhere in the c-plane, supposed cut along the real axis from 
+ 1 to +00, since the expressions on each side of the equation 
are both regular all over the cut plane. 

14.44. The expression of K' in terms of k' 

We now prove that K* is the same function of /c' as K is of 
k, by considering the effect of renaming the parameters oji and 
a>2 which occur in the definition of Jacobies elliptic functions. 
If we write = —oig, cug = aii+tog+cog = 0 , the set of 
points 2 w ! where m' and n' take all positive and 
negative integral and zero values, is identical with the set of 
periods 2 rwaji+ 2 na >2 of Weierstrass’s function piz\aji,a)2)- It 
follows that 

and a(z\aji,aj2) = 0’(2|aj2,cu2). 

On the other hand, the constants which occur in the equations 
expressing the pseudo-periodicity of and ( 7 ( 2 ;|w(,a> 2 ) 

are no longer rj^ and For, if 

C(z+ 2 w[\oj[,oj 2 ) = 27 }[+l{z\coiu) 2 ), 
then rj[ = ^{ix}[\ix)[yW2) = ^(— C02|a>i,o>2) = “"^2» 
and similarly = 27 ^ 2 + Sa- 

lience we obtain a different set of Jacobian elliptic functions 
if we use the parameters w[ and cug instead of and cog. 

Next we find the modulus and quarter-periods of this new set 
of elliptic functions. Using an obvious notation, we have 
i(cu(,w2) 

{pK)— { p(— ^^2)— ’ 

by the definition of Now is an odd elliptic 

function with periods 2 a)^ and 4 a> 2 ; hence 

{^(a>2)— eiP/2 (62—61)^* {ei—e^y-l^’ 

since (63-61)1/2 = i(c, -63)1/2. (63-61)1/2 = -i(ej_e2)i/2. It 
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follows, therefore, that <t>^) = coj), and similarly that 
k'(coi,ct)^) = k{(Ui,w^. Thus the modulus and complementary 
modulus are interchanged by the interchange of parameters. 
Again, we have 

which gives at once 

similarly (a>i , co' ) = X (tuj , Wj) - 

Hence, when k'^{<u)[,(j}'^) is not real and greater than unity, 

A^'(cDi, Wj) = K{o}[,oj'^) 

1 

0 

1 

0 

1 

that is, = f (i-x-)-^'V-k'^x^)-^l^ dx, 

0 

save when > 1. This proves the required result. 

Further, by using the result of § 14.43, we see that Z' is an 
analytic function of c (= k^), regular in the c-plane supposed 
cut along the real axis from — oo to 0; the additional cut from 
+ 1 to +00, imposed in § 14.4, is unnecessary. The explicit 
formula for Z' as a function of c is 

Z' = i7rZ(i^;l;l~c). 

14.45. Jacobi’s imaginary transformation 

We have just seen that the primitive periods of sn{u,k') 
are 4Z' and 2iK, and hence those of sn(m, k') are 2Z and 4iZ'. 
Therefore the functions sn{u,k) and sn{iu,k') have a common 
pair of periods 4Z and 4iZ', and this implies that they are con- 
nected by an algebraic relation which we shall now determine. 
By definition, we have 

\0Jl' ) Or2(2;la>i, CU 2 ) e~%^G(Z-\^2\^ly^2) 

__ Z' g(z)g(cj) ^ Z' 

a>i e“’?i®o’(z+aii) Gi(z) 
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But iK'jK = wjH, and so K'luy'i = = iKjw^ Hence 


\ <Oi } oil a^{z)l ^ 2 ( 2 ) \£xJi / 

Putting Kz = tuj u, we obtain 

sn[iu,lc') — isc(u,k), 

which is the required algebraic relation. From this it follows 

cn(iw,i') = nc(M,i), dn(iu,k') — dc{u,k). 

These three equations constitute Jacobi’s imaginary trans- 
formation! of his elliptic functions. 

Example 1. Deduce Jacobi’s imaginary transformation from the 
equation an{iti.Ai ) 

J = iu, 

0 

by the substitution z = 

Example 2. Prove by the aid of Jacobi’s imaginary transformation 
that 


an iiK' = i/VA;. cn {iK' = V( 1 + = V( 1 + 

the square roots being positive when 0 < k < 1 . 

Example 3. Prove that 


14.46. Landen’s transformation 

The theory of the transformations of elliptic functions is con- 
cerned with the expression of the Jacobian functions of para- 
meter T in terms of those of parameter r, where 

/ = (aT+b)l(cT+d), 

a, by Cy and d being integers such that ad— be is positive. A very 
simple instancej of this is provided by Jacobi’s imaginary 
transformation, in which r' ~ — 1 /t. 

The general theory of these transformations is beyond the 
scope of the present book;§ we shall consider only Landen’s 

t Fundamenta Nova, 34-6. 
t For others, see Ex. 18 on p. 416. 

§ See, however. Tannery and Molk, Fonctioiia elliptiques, 2 (Paris, 1896), 
1 QS—SSS. 



397 


JACOBI’S ELLIPTIC FUNCTIONS 
transformation, defined by t = 2t. This is of historical interest, 
being the first case ever discussed. f 

In order to determine Landen’s transformation, J we consider 
first the connexion between Weierstrass’s Sigma functions 
a(2;|coj, 0)2) and a{z\a)i,w2)i where oj[ = and CO2 = a)2> since 
these give 

r' = ^,^2^ = 2r. 

It is easily shown that§ 
a(:; 10)1,0)2) — 

it being understood that the parameters of o{z) are a>i and 0)3, 
unless the contrary is explicitly indfcated. From this it follows 

“ C(2|a;;,a.') = c,2_^,+^(2)+C(2+a,i), 

and hence that 

and 172 = ^i<^2'”'^i+^(^2)+^(^i+^2) = ^1^2+^Vv 

Let us now suppose that the Jacobian elliptic functions con- 
structed from ct(z|o)i, have quarter-periods L, iL' and modu- 
lus 1 . Then 



jL o{z\(Jt}[, (jJ2)o{o)2 [gJi, CO 2 ) 
coi e”^»^a(2:-|-o>2|co{,a)2) 


2 L G{z)G(z-\-aji)a(a) 2 )(j(iOi-\-W 2 ) 

0>1 CT(2;-[-Ct)2)or(2+0)i+^2)^(^l) 


exp{(2772 + a)2)z+U^ z ^ — 


— JJl z + w| — T], 0)2 — |ei(z+ ^2)* + 7;,(2 + tU2)} 


^ g2i7, s g(g)g(z+t») i) g(ci)2)(T(o)i+0)2) 
0)1 CT(Z + 0)2)(T(Z + O)i + O)2)cr(o)i) 


t Landen, Fhil. Trans, 65 (1776), 285. Landen, however, deals only with 
elliptic integrals, the idea of ‘inverting’ an elliptic integral to obtain an elliptic 
function (duo to Abel and Jacobi) not having been introduced until 1826. 

i A simpler but less obvious method of finding Landen’s transformation is 
suggested in Ex. 2 at the end of this section. 

§ See Ex. 20 on p. 379. 
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2jL ff(z)(rj(2) 

~ a>i cr2(2K(z") 



Writing Kz = a>i we have 

A" an{2LulK, 1) = 2L sn(u, k)cd(u, h). (i) 

It remains to determine the relations connecting the quarter- 
periods and moduli of the two sets of Jacobian functions. 

The relations connecting the quarter-periods are found by 
putting u == \K in this equation. This gives 

Ksn{L,l) = 2Lsn{^K,k)cd{^K,k), 
and hence, by § 14.3, Ex. 5, 

L = i_{l+k’)K. 

Using this value of LjK, equation (i) becomes 

sn((l-t-i:')it,Z} = ild-k')sTi(u,k)cd{u,k). 


Moreover, since 

2LjL' = 2i(jiijoj'^ — = KjK', 

we also have L' = (1-1-I:')A'. 

Again, if we write equation (i) in the form 

L' sn(u,k)cd{u,k) = K' sn{L'ujK',l) 
and then put u = v-f-iA', we obtain 

L'dc(v,k) _ K' 
k^Bn{v,k) ~ l^L’vjK^y 

Multiplying the expressions on each side of this equation by v 
and then making v tend to zero, we have 

k^ ~ L’V 


and so 


1 = 


k^K'^ 

2/'2 


We have thus proved that 


(1+ A ')2 


1-k' 

l-f/fc'" 


sn{(l-f !:')«, 1} = {l-|-i:')sn{tt,I:)cd(tt,i:) 

where I = (1 — k')j{l-\-k'). This is the result known as Landen’s 
transformation. 
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Example 1. Prove that, in the •notation of the previous section, 
cn{(l + A;')M,Z} = {1— (1+A;')sn*(w, A;)}nd(ti,A:), 
dn{(l + A;')u,Q = {1— (1— A;')sn®(w, A;)}nd(w, A;). 

Example 2. Show that Landen’s transformation is equivalent to 

J = (1 + fc') J (l-fc»8in*tf)-‘/2i5, 

0 0 
where sin^i = (l+k')sin6iCos0i{l — k^sm^Oi)-’^l^. 

Obtain this result also by a direct transformation of the integrals. 


14.5. Legendre’s three kinds of elliptic integral 

We shall now show that the problem of evaluating the general 
elliptic integral ^F{t,u)dt, where F(tyU) denotes a rational 
function of t and u, and v? is a quartic or cubic polynomial in 
t without repeated factors, can be reduced to the evaluation of 
three very simple types of elliptic integral. 

Since F{t,u) is a rational function of t and u, we can write 

F{t,u) = N(t,u)jD{t,u)y 

where N and D denote polynomials in t and u. Now 
D{t,u)D(t, —u) is a polynomial in t and since it does not 
alter when we change the sign of u, and so becomes a'polynomial 
in t alone when we substitute for in terms of t. Thus 


uF{t,u) = uN(t,u)D{t, —u)jG{t), 

where G denotes a polynomial in t. 

If we multiply out uN(t,u)D{t, — w) and substitute for in 
terms of t, we obtain ultimately 

uN(tyU)D(t, —u) = 

where d) and T* denote polynomials in t. Hence 


F{t,u) = I 
’ uG{t) 


G(ty 


As the second term in this expression for F(t,u) can be in- 
tegrated by means of elementary functions, the problem of 
evaluating the general elliptic integral has been reduced to the 
discussion of the simpler integral 

r 0(0 dt 
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Let US suppose, in the first instance, that- 

where a, y, and 8 arc, by hypothesis, distinct. Making the 
transformationf 


= {(^^S)(^-«)}/{{o.-S)(i-i3)}, 


we easily find that 

u 


2dz 


where = {{a— S)(j3— y)}/{(a— y)(j8— 8)}. If, however, is a 

cubic in I, say , ... . 


the appropriate transformation is = (<— a)/(<— j3); thia gives 
at once 


V(oi— y) 


dt 


u 


2dz 

V((1-2-)(1-F22)}' 


where = (^— y)/(a— y). Hence, no matter whether be a 

quartic or cubic, we have now shown that 


j l|) f = j dz, 

where It(z“) is a rational function of and is a finite con- 
stant, not equal to 0 or 1. 

The next step is to express B{z-) as a sum of partial fractions 
in 2 *'. The general elliptic integral is thus reduced to a sum of 
integrals of the following types, 

J Z^'{(l~Z^-)(l-k^z2)}~ll2 dz, 

j il+vz^)->{{l-z^){l-kh^)}-m dz, 

where r and « are integers, s being positive, and v is a con- 
stant. 

Finally, by using well-known methods of the integral calculus. 
It IS easy to obtain reduction formulae by means of which each 
of the above integrals can be expressed in terms of one of the 


t For an altemat^e method which only involves the use of a hnmngrapTii^ 
traiififormation, see Ex. 29 at the end of the present chapter. 
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three standard forms of Legendre: 

J {(l-2*)(l-fc*22)}-l/S dz, 

j 22{(l-22)(l-fcS22)}-l/*d2, 

J (l+v 22 )-l{(l- 2 =!)(l-ifcV )}-»/2 dz. 

These are called the elliptic integrals of the first, second, and 
third kinds respectively. The evaluation of the integral of the 
first kind has already been discussed in § 14.41. 

14.51. The elliptic integral of the second kind 

If we make the substitution z = Bn(u,k) in Legendre’s in- 
tegral f dzy we find that it becomes 

f 8n^(Uy k) du. But since 

J dD?(Uy k) du = u—k^ J sn2(2t, k) duy 

the latter integral could equally well be taken as the standard 
elliptic integral of the second kind, and this proves to be more 
convenient. It is usual to write 

u 

E(u, = J dn2(w, k) du, 

0 

it being supposed that the path of integration does not pass 
through a pole of the integrand. When it is unnecessary to 
emphasize the modulus k, we shall denote the function more 
briefly by E{u). 

We shall now show that E{u) is an odd analytic function of 
u, regular save for simple poles of residue +1 at the points 
2mK+{2n+l)iK' . 

To prove this, we observe that dn^w is an even elliptic func- 
tion of periods 2K, 2iK' whose only singularity in any cell is 
a double pole of residue zero at the point congruent to iK\ It 
follows that the integral of dn^u round any closed contour which 
does not pass through a pole is zero, and hence that E{u) is 
a one-valued function. Moreover, since the derivative of E{u) 
is dn^u, E{u) is an odd function whose only possible singularities 
are the poles of dn^u. We know, however, that, if a is a pole 

of dn^^, 

Dd 


4111 
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where ^(m) is regular at a; hence 
E{u) = (tt— 

where is regular at a. Thus a is a simple pole of E{u), of 
residue +1. 

It should be noticed that E{u) is not an elliptic function, 
since the sum of its residues at any set of its poles can never 
Iks zero. We can, however, show that, when u is increased by 
2K or 2iK', E{u) is reproduced, save for an additive constant. 
For we have 

E(u+2K)—E{u) J dn-u du ~ j dn-u du, 

u 0 

since 2K is a period of tlie integrand, and hence 
E{ii+2K)^K(u) - E{2KY 

Putting u = —K, we find that E(2K) = 2E(K). 

Similarly we can show that 

E(u+2iK')-E{u) = E{2iK'), 

but no simpler form of the constant can be obtained at the 
present stage, since iK' is a pole of E(u). 

14.511. The complete elliptic integral of the second kind 

The constant E{K) is called the complete elliptic integral of 
the second kind, and is usually denoted by E. If wc write 
sn z^ — sinO in tlie equation 

K 

^ = j dn-w du, 

0 

7r'2 

wc find that ^ / (l““Csin“ 0 )i /2 dd, 

0 

where c — k-. From this it can be shownf that E is an analytic 
function of c, regular in the c-planc supposed cut along the real 
axis from +1 to +oo, and that 

E = IttF{ — I; 1 ; c). 

Wc write E for E(K',k'), Since E' is the same function of 
k E is of k, it is regular in the c-plane supposed cut along 

t Cf. § 14.43. 
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the real axis from 00 to 0, and can be written in the form 

c). 

Example 1 . Show that, as ifc -> 0, 

(K~EW-^in. 


Example 2. Prove that 

^ E-K 
dc~' c ’ 

^dW _K'-E’ 
dc c' 


__ e--kc^ 
dc~ 

dc ~ ' cc' ■ ’ 


where c = fc*, c' = 

Example 3. Show, by using the results of Ex. 2, that 
EK'+E'K-^KK' 

is independent of c, and find its value by making c — > 0. 


14.512. Jacobi’s imaginary transformation of E{u) 

To find the effect of Jacobi’s imaginary transformation on 
the function E(u, k), we write 

iu u u 

E{iu, k) = J dn-(<, k) dt = i 
and so 

U 

E{iu, k)+iE(u, k') = i j [dc*(tt, k')+dn^u, i')] du 



U 

== t J j^l + ^{sn(i^,fc')dc(w,fc')}j du. 


From this it follows that 


E(iu,k) = iu-\-isn{u,k')dc{Uyk')—iE(u,k'). 

In particular, by putting u = 2K\ we obtain the formula 
E(2iK\k) = 2iK'-iE{2K',k') = 2i(K'-E'). 
Hence, by § 14.51, 

E(u-{-2iK',k) = E(u,k)~\-2i{K'—E'). 


14.513. Legendre's relation 

Since the only singularities of E{u) are simple poles of residue 
+ 1 at the points 2mK+(2n+l)iK\ 

J E{u) du = 2TTi, 
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when (7- is the parallelogram with vertices K, K-{-2iK\ 

— K-\-2iK\ and —K. Hence 

A" Si/C' 

277*= { {E{u)—E{u+2iR”)} du + J {E{u+K)—E{u—K)}du. 

-K 0 

When we make use of the pseudo-periodic properties of E(u), 
this becomes 

27 Ti - -^iK(K'-E') + ^iK'E, 

or EK' + E'K—KK' = Itt. 

This relation, which is due to Legendre, is the analogue of 
the formula o)^— which occurs in the theory of the 

integral ^( 2 :) of Weicrstrass's function p{z). 

14.514. The quasi -addition theorem for E(u) 

I^t us consider the expression 

F(v) - E(u)+E(v)^Eiu+v), 

regarded as a function of n. By the pseudo-periodicity of E{u), 
it is an elliptic function with periods 2K and 2iK'. It has a pair 
of irreducible simple poles iK', iK'—v, and two irreducible 
simple zeros 0, —v. But sni/ sn(?z+i;) is an elliptic function of 
periods 2K and 2iK\ with the same irreducible poles and zeros 
as F{u); thus sn7^sn(?^+?')/i^’('^) is an elliptic function without 
singularity and so is a constant. 

When |7/1 is small, we have 

~F(u) u{l-E'(v)}+0(u-) ” r-dn^?/ 

and therefore 

sn?/sn(77.+r) snv 1 

F{n) 1— dn-i; A;‘-^sn?;’ 

for all values of u. 

We have thus shown that 

E(%()-FE(7^)— E{u~\-r) — ^’“sn?tsn 7;sn(74-fi’), 

which is the quasi-addition theorem for E{u). There can be no 
true addition theorem, as E{u) is only pseudo-periodic. 
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14.515. Jacobi’s Zeta function Z(u) 

For some purposes it is desirable to have a function which is 
of the same general character as E{u), but is simply-periodic. 
Such a function is Jacobi’s function Z(u), defined by the equa- 

Z(m) = E(u)-uF/K. 

It is easily verified that 

Z{u+2K) = Z(ul Z{u+2iK') = Z(u)-7rilK, 

on taking into account Legendre’s relation. Thus Z(u) is 
simply-periodic with period 2K. 

Example. Show that 

Z(w)4-Z(v) — Z(tt-j-v) = k^snuf;nvkn(u-j-v). 

14.52. Jacobi’s Theta function 

We now introduce Jacobi’s function which plays a part 
in the present theory similar to that of (t(z) in the work of 
Weierstrass.l This function is defined by the equation 

u 

&(u) = 0(0) exp J Z(u) du, 

where 0(0) is a constant which we shall choose later. We show 
that 0(ii) is an even integral function of period 2K, whose only 
zeros are simple ones at the points 2mK+{2n+l)iK'. 

For if ot is a pole of Z(u) we know that Z(u) = {u—oc)-^~j-(f>(u), 
where (/>(u) is regular at a, and so two determinations of 

u 

J Z[u) du, along different paths of integration, differ by a 
0 

multiple of 27ri. Hence log0(w) is a many -valued function, but 
0(i^) itself is one-valued. Moreover, as Z(u) is an odd function, 
0(^) is even. 

The only possible singularities of 0(w) are the poles of Z{u), 
log0(w) = log(u— a)+ J (f>(u) du = log(it— a)-f<l>, 

where 0 (^ 1 ) is regular at a, and so 

0(u) = (u—(x)e*^^\ 

t In fact, we shall shov/ that 0(Xz/wi) and ffgiz) differ only in an exponential 
factor. 
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Hence Q{u) has a simple zero at each pole of Z{u), Since, how- 
ever, any pole or zero of ©(w) is a polef of Z[u)j it follows that 
0(w) is an integral function whose only zeros are simple ones 
at the poles of Z{u). 

Finally, since Z{u-\-2K) — Za{u), we have 

where -4 is a constant. If we put u — —K and remember that 
0(ii) is an even function, we find that u4 = 1; thus 0(i^) is 
simply -periodic J with period 2K, This completes the proof of 
the fundamental properties of 

14.521. The Fourier series for Q(u) 

Since 0(w) is an integral function of period 2K, it can be 
represented by a Fourier scries§ 

• 00 

0(u) = 2' a„ 

— oo 

which converges uniformly and absolutely in any bounded 
closed domain of the ^^-plane. We shall deduce the values of 
the coefficients from the important identity 

Q[u+2iK^) = 

where q = 

To prove this identity we integrate the equation 
Z{u+2iK') = Z(u)-77^7A^ 

This gives 0(24-)- 2iA') = 

where -d is a constant of integration. To find A, we put 
u = v—iK'; wo then have 

^oe-77if/K ^ ^ Q(iK '+v) 

(d(~iK'+v) e(iK'-vy 

But, when 1«;| is small, Q(iK'+v) = Q'{iK')v+0{y^), and 
&(iK') does not vanish, since Q{u) has only a simple zero at 
iK'. Hence, when v 0, we obtain Aq — —1, and so 

Q(u+2iK') = — 

t Since Z(u) = 0'(w)/0(w). 

X If it were doubly -periodic, it would be a constant, which is certainly not 
the case. 

§ See Ex. 10 on p. 89. 
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Substituting in this identity the two series 

= 2 Q{u-\-2iK*) = 2 

— QO —00 

and equating coefficients of e^n-DniuiK^ 

On = -a„-i3®"-^ 

From this it follows that = (— all positive and 
negative values of n. Hence 

Q{u) = tto 1 (— 

— 00 

The constant Uq is at our disposal, since, in the definition of 
Jacobi’s Theta function, 0(0) was left undetermined. We now 
fix 0(0) by taking = i. This gives 

Q{u) = 2 (—i)nqn^^nniuiK — 1 + 2 ( — l)^q'^"co&{n7TujK). 

-00 1 

This series provides a valuable method of computing 0(i^); 
for since Rl(iC7^^) > have |gl < 1, so that the series con- 
verges rapidly. 


14.53. The elliptic integral of the third kind 

Making the substitution z = sn{u,k) in Legendre’s elliptic 
integral of the third kind, we obtain 

J {(1— s‘-)(l— J l+i/sn-'U J 1+i/sii-u 

If V/ == —1 or the evaluation can be completed in terms 
of the elliptic integral of the second kind. For other values 
of I/, we choose a so that v —Jc- sn‘-a, and we have to evaluate 


u+k^ sn^a 


J 


1— A;-sn% sn% 


du. 


We shall take as the fundamental elliptic integral of the tliird 
kind Jacobi’s function 



k- sn a cn a dn a sn^i^ 
1— ^'-sn■“a sn-i^ 


du, 


and this can be expressed in terms of Jacobi’s Theta function. 
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For, using the addition theorems for snw and Z(tt), we have 

U 

Il(M,a) = i f FsnMsno{sn(M+a)+8n(M— o)} dtt 
0 


Hence 


•u 

= I j {Z(tt— a)— Z(M+a)+2Z(o)}dM. 
0 


14.6. The expressions for E(u) and Z(u) in terms of 
Weierstrass's Zeta function 

The function dn-i^ is an elliptic function of periods 2 K and 
2/A’', with one double [)ole per cell at the point congruent to iK' , 
the ])rin(‘ipal ])ai‘t at /A' being If we substitute 

u — Kzjcui, and suppose that cjJoji = iK'jK, we find that 
(A'/oJi) - dn^ (Kz I wi) is an elliptic function of periods 2a>i, 2cu2 with 
one double pole per cell at the point congruent to cog. As the 
priiici])al ])art of this function at oj., is — ( 2 :— it follows, by 
§ 13.62, that 7^2 

CtjJ OJi 

where A is a constant. 

When we integrate the expressions on each side of this equa- 
tion, we find that 

— e(—\ = i^{z-\-u)2)+Az—r}2, 

the constant of integration being determined by the faet that 
E(0) = 0. To find the constant A, we put z = wi. This gives 

EKjwi = 7^2 = Auji—7]2—r)2 = Aa>i+7]i, 

and so 


We have thus obtained the formula 


a»i \ioJ 


= ^(2+^2) + 


EK 


wr 


■ --Z—riz, 


which expresses the elliptic integral of the second kind in terms 
of Weierstrass’s Zeta function. 
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From this equation, it follows at once that 




i;,(z+cj2) — ~-z-yh- 

a>i 


14.61 . The connexion between &(u) and a(z) 

To show the connexion between and o[z), we write the 
last equation of § 14.6 in the form 


az \a»i/ dz 

and integrate between the limits 0 and z. This gives 

S(Kzlcoi) = 0(O)exp( — i')7i2;“/a>i)cr2(z). 

If we now use the result of Ex. 15 on p. 378, we deduce from 
this equation that 


0('u) = G (1 — 2g2«^“^cos(7m/X)+g‘^’^“^}, 

1 

where q = q depends only on q. As this formula 

is of great importance, we give in the next section a proof of 
it which is independent of the theory of Sigma functions and 
which gives incidentally a very simple expression for G, 


14.62. The infinite product formula for &(u) 

If |g^| < 1, the infinite product 

Fit) = 

1 

converges uniformly and absolutely in any bounded closed 
domain not containing the origin. Hence F{t) is regular in every 
annulus 0 < a < |^1 < jS and can be represented there by a uni- 
formly and absolutely convergent Laurent series 

— 00 

Moreover, since qtF{qH) = —F(t), we can show, as in § 14.521, 
that o„ = (— l)"g^*Oo. It remains to determine a^. 

Now the function „ 

/(<) = 
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is an integral function, expansible as a Taylor series 

m = lbnt^ 

0 

where bo=l. Since F(t) =-. we can express o„ in 

terms of the coefficients 6, by multiplying together the series 
for f(t) and /(<-') and then equating powers of this gives 

“n = ^n+^l^n+l+^2^n+2+ " • 

But if we substitute the Taylor series in the identity 
(^—qt)f{qH) = f(t) and equate coefficients, we find that the 
coefficients are connected by the recurrence formula 

K = 

from which it follows that 


K = (-l)"?”7Cn. 

where c„ = (1— j2)(i_g4)...(i_g2«). 

Hcn« = 


and so 


1 

ttn = h > 

C c 

n r 


r2(nr+r*) 


As ^0 is independent of n, it is necessarily equal to the limit as 
n tends to infinity of the expression on the right-hand side of 
this equation. 

Since |?1 < 1, tends to a finite non-zero limit as n->oo, 
and so l/c,j is a bounded function of n. Hence we have 


2 

r=l 


q^{nr+r^y 


r = l 


where A is independent of n. Since 2 is convergent, this 

r-l 

inequality shows that 


limy^^ 

C,c„+, 


= 0 , 


and so = lim l/c„ = l/ IT 

n -^00 ' 1 

We have thus shown that 


I —00 
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Putting t = exp(7riu/-ff ), we obtain 

Q(u) = JJ {(1— — 

I 

the required formula for 0(u). 

14.63. Jacobi’s Eta function H(t^) 

Closely associated with Jacobi’s function 0(ii) is his Eta 
function, defined by 

il(u) == —iq^l^ex'p(^7Tiu/K)Q{u+iK'), 

The relation between 0(i^) and H(ii) is a reciprocal one; for 
0 ( 1 ^) = —iq^f^exip(l7Tiu/K)YL(u+iK'), 
as the reader will easily verify by using the formula for 
Q{u+2iK'). 

H(w) is an odd integral function which possesses simple zeros 
at the points of the set 27nK-]-2niK\ The effect of increasing 
u by 2K or 2iK' is given by the equations 

H(^4+2A') = ll(u+2iK') = 

Thus H(^^) is a simply -periodic function of period 4A. 
Example. Show that 

2 

(i) H(m) = 2 2 ( - 1 j^g'^n+i) /I ijm{(n + i)7Tu/K}, 

(ii) H(w) == 2g^/^sin(j7rw/A) JJ {(l — q^^^){l — 2q^^coii{7Tu/K)-i-q^”^)}, 


14.64. The expression of Jacobi’s elliptic functions in 

terms of 0(2^) and H(u) 

It follows at once from the formulae of §§ 14.521, 14.63 that 
the function H(w)/0(w) is reproduced with multipliers — 1 or + 1 
when u is increased by 2A or 2iA' respectively, and so is an 
elliptic function of periods 4 A and 2iK\ In any cell it has two 
simple zeros (the zeros of H( 2 i)) at points congruent to 0 and 
2A, and two simple poles (the zeros of ©('zt)) at points congruent 
to iK' and 2K-\-iK*. Hence snuQ{u)lii{u) is an elliptic func- 
tion with no singularities, and so is a constant whose value 
©(A)/H(A) is found by putting u = K. We have thus shown 


that 


snu = 


e(Kmu) 

K(K)Q{uy 
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Similarly it can be proved that 

0(o)H(u+jr) e(o)0(»+Ji:) 

■""‘“-HiwT’ mmr- 


Example. Prove that 

VA; - H(X)/0(K), Vfc' = 0(O)/0(iiC), 
and deduce that 

snw — ^(l/A:)H(u)/0(w), cnu ~ y/(k' /k)H{u + K)IQ{u), 
dna = \'k'G(u-j-K)IS(u). 

Show also that = B(K). 


14.7. The numerical evaluation of elliptic functions 

The simplest method of eomputiiig the numerical values of 
Jacobi’s elliptic functions, when q is given, is provided by the 
formulae of § 14.G4, which express them as quotients of 0 and 
H functions. For, in the formulae 


'^kmu = ^ 

1+2 2 (— l)"3”'cos^ 

etc., we have |g| < 1 so that the initial terms of these rapidly 
convergent series give very accurate approximations to the 
values of sn u, cn u, and dn u. 

Usually, however, it is the modulus k, and not q, which is 
given. When this is the case we have to determine the values 
of K and q before we can calculate the values of the elliptic 
functions. Now it is possible to calculate K and K' in terms 
of k by using the hypergeometric series 

K = l7rF(ll,l;k^), K' = 

when 1^1 and |1— are less than unity, and thence to find 
q from the forynula q = But as fc- and l—k^ are never 

small simultaneously, at least one of these series converges far 
too slowly to be of much use. 

An alternative procedure, due to Weierstrass, gives q im- 
mediately in terms of k. We know that 

V*' = = l~2g+2g^-2g^+... 

Q{K) 1 4- 2g + 2^4 + 23 ® + . . . 


2 


{2n-{-l)7ru 
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and so 
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1-VJfc' _ 2?+2g9+2?25+... 

1 + VP ~ l + 2 y«-f 25 i«+... ■ 


If we write 2e = (1 — V^•')/(l + V/;') and apply the ordinary 
methods for the reversal of series, we find thatf 


q = € + 2€5+15e»+150ci9 + ..., 


the first term omitted, being of the order of e’’. This series is 
convergent when kl < i a condition which is certainly satisfied 
in the case of greatest practical importance, namely that in 
which k lies between 0 and 1. 

The power of this method for calculating q is seen from the 
fact that, when () < ^ \, € < 1/23. The second term in the 

series for q is thus less than 10“® and can, in general, be omitted.j 
When q has been found, K is then calculated from the formula 

V(2A77r) = 0(A) - 1 + 2?+2(74+2?« + ..., 
and finally K' from the equation 

ttA' = K\ogq-^. 

Having found q, K, and K\ the computation of Jacobi’s elliptic 
functions can be readily carried out.§ 


14.8. The four Theta functions 

In his later work, Jacobi denoted the functions A), 

(d(u+K), and 0(?^) of the Fundamenta Nova by ^ 2 ( 2 ^* ?)» 

^3(2^1 3)5 d '^( z , q ) respectively, II where 2Kz = ttu . For our 

purposes Jacobi’s older notation was preferable. 

Another method of introducing the elliptic functions of tlacobi 
is to determine, from first principles, the properties of the four 
Theta functions defined by means of infinite scries, and thence 
to deduce the whole theory of Jacobi’s elliptic functions, defined 
as quotients of Theta functions. For an account of this very 

t vSee Weierstrass, Werke, 2 (1895), 27G, or Schwarz’s account of Weier- 
strass’B lectures, Formehi und Lehrsatze zvrn Gebrauche der elliptischen Funlc- 
tionen (Berlin, 1893), 54. 

t li i < 'Z' 1 , it is probably best to interchange k and k' and determine 

e-^KIK\ and thence find q. 

§ Kor an example of this, see Whittaker’s discussion of a problem in rigid 
dynamics, soluble in terms of elliptic functions, in his Analytical Dynatnics 
(Cambridge, 1917), 144-9. 

II This notation, which is a slight modification of Jacobi’s, is the one now 
in general use. Jacobi himself wTOto &{z, q) for ^ 4 ( 2 , q). 
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beautiful theory, we must, with regret, refer the reader else- 
where. t 
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MISCELLANEOUS EXAMPLES 

1 . Show that sn u, cn u, and dn u tend to sin u, cos w, and 1 respectively 
as k — > 0, and to tanhw, sechw, and scchw respectively as A; 1. 

2. Prove that 


1 on^u 

k'^snhi 

/ dn»M 

Vsn udnu 

cnwdnw/ ’ 

\sn?icnw ' enudnu) 


arc elliptic Rinetions of periods X, iK\ 

3. Show that, if 2 = sn^(it’, A:), where 0 < A; < 1, the curves in the 
2 -plane on which the real and imaginary parts of w = u~\-iv are constant 
form two orthogonal families of Cartesian ovals, whose equations are 

|2— 1|— |2|dn(2i/,A;) = cn{2u,k), 

|2— 1 |cn(2v, /!:')+ |2|dn(2v,fc') = 1. 

4. Prove that, if 0 < A: < I, the transformation 2 = maps 

conformally the interior of the rectangle with vertices w = ±K±^iK' 
on the interior of the circle |2| = 1, provided with cuts along the real 
axis from V'A: to 1 and from — v'A: to — 1. 


5. Show that the part of the t(;.plane within the ellipse + L 

where w = u-\-iv, is mapped conformally on the interior of the circle 
\z\ = 1 by the relation 


r2x 

— arcsin -7- 
L TT V(' 


V) 1 

“o2-62)J’ 


where Jacobi’s parameter q is given by g = {a-b)y(a+b)K (Sghwabz.J) 


6. Prove that 


{l+sn(M+t))}{ 14 .sn{M-r)} = (cn«+snMdnv)VA 
{l+cn(M+i»)}{l+cn(M— v)} = (cnu+cnv)»/A 
{l+dn(MH-t))}{14-dn(M— v)} = (dnM+dnv)*/©, 
where D 1 — fc^snSusn^u. 


“"d Watson, Modem AnalyaU (Cambridge), 
Chapter ^I, or Tannery and Molk. Fonctions elliptiques, 2 (Paris, 1896). The 
notation m the latter book is slightly different from that given above. 

I Bee J?orsyth, Theory of Functions (1918), 614-15. 
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7. Show that 

sn(w + i;)cn(w — v) + sn(w — t?)cn(w + 1 ;) 

= 2sn.ucnu6nvl(l — k^sn^usn}v), 
cn(u + v)cn{u sn(u + v)sn(M —v) 

= {cn^v—sn^v dn^u)l{ 1 — 5 ^ 2 ^ sn^v). 

8 . Show that, if tanh U — k sn^u, tanh V = k sn*v, then 

tanh(l7— F) = fcsn(w+t;)sn(w— v). 

Deduce that 

sn( V + w;)sn(i; — ly) + sn{w -f- u)sn{w-~u)+ sn(w + v)sn(w —v)-f- 

+ Psn(v+tt;)sn(t^+w)sn(w+v)an(v— ti;)sn(i£;— w)sn(M— v) = 0 . 

(Glaisheb.) 

9. is a fixed diameter of a circle. P, Q are variable points on the 
circle such that Z.PAB = am{?«H-a), AQAB = am(w— a), where at is a 
constant. Prove that tho chord PQ envelopes a circle. (jACOBi-t) 

10. P, Q are points on tho ellipse x^la^-\-y^lb^ = 1 of eccentric angle 
am{w±a). Show that, if oc is constant and u variable, the locus of the 
pole of PQ is the ellipse 

^^ca*cc+f,mHK-<,) = 1 . 

11. Prove that sn|jK = cd^K, cn^K = Ai'sdjiif. Deduce that 
sn Ji^C+cnfiiC = 1 . 

12. Show that snw + acnw-fjSdnw+y, where a, jS, y are constants, 
is an elliptic function of periods 4X, 4iK' and of order 4 and that the 
sum of the affixes of its zeros in any cell is congruent to 0 (mod iK, 4iK'), 
Deduce that, if 

Cj dj = 0, 

d, 

dz 

l»4 dt 

where «, = enw,, c, = cnM^, = dnu,. 

Hence or otherwise show that 

^ c ^ d ^- c^dj ^ ^ (Cayley.) 

— ^2 ^3 ^4 

13. Determine the periods and order of the elliptic function 

sn M sn(w + jK) + a 8 n(t 4 +iiC) + jS sn w +y, 

f This result is of importance in Jacobi’s discussion of Poncolet’s poristic 
polygons [Journal fiir Math, 3 (1828), 376). See also Forsyth, Messenger of 
Math, 12 (1882), 100. 



416 JACOBI’S ELLIPTIC FUNCTIONS 

where a, jS, y are confitants. Hence show that, if = 2K, 

^2^2 ^2^2 ^2 ^2 

^3^3 ^3^3 ^3 ^3 

54 C4 ^4^4 C4 c?4 (Oxford, 1923 .) 

14. Prove, by using Liouville’s theorem or otherwise, that, if 

(Gudermann.) 

15. Deduce from Ex. 14 that, if = 0, 

( 1 ) ^2 ^3 ^4 dj 6^2 02^3^4 d^d^^ 

(il) dj 6^2 ^3 ^4 ~l~ ^ ^‘^ 1^2 ~ ^2 ^3 ^4 ^ ^^3®4» 

(iii) s-^s^d^d'^ — ^ 1^2 d'^d^s^s^ — C 3 C 4 . 

(H. J. S. Smith.) 

16. Show that, if sntf, enu, and dn?y are denoted by a, c, and d 
respectively. 


1 — sn 3w 

1+4/ 

'l-25 + 2 fcV-A;V \2 

1-f-sn 3w 

1-#' 

d-{-2s-^2kV-kW * 

1 — cn 3u 

L-fi 

fk'^ + 2k'^c -f 2k^c^ + k^cy 

1 -f cn 3w 

l+C^ 

{k'^--2k'^c~-2Bc^ + kW ’ 

1 — dn 3w 

l--dj 

/k'^-h2k'^d-2d^-dy 

1 -f dn 3w 

r+d' 

\k'^-2k'^d-{-2d^-dV ' 


17. If the nine roots of cn 3 t 4 = a, regarded as an equation in enw, 
are Ci,C 2 ,...,Ch, prove that 

+ = 0. 

1 1 

18. By considering the four transformations (i) r' == t/(1-\-t), 
(ii) t' = — 1 /(1 +t), (iii) r' = — (1 +t)/t, (iv) r' — l-f-r, prove that 



= ksn(u, k)y 

sn^tA:'w, 

~ ik'sc(u,k)j 


-- iksd{u,k)f 


= A;'sd(u, A:). 


Deduce the corresponding transformations of cn u and dn u. 
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19. Prove the results of Ex. 18 by direct transformation of the integral 
formula 

M = J ( 1 - 1 _ **«»)’->/* dz. 

0 

20. Prove Gauss’s transformation, viz. that if A 2VAr/(l + ifc), 

sn{(lH-A;)w,A} = (l+fc)sn(M, A;)/{l + fcsn2(w, A;)}, 
cn{(l+A:)M,A} — cn(u,k)dn{u,k)/{l-]-ksn^u,k)}, 
dn{(l + A;)w,A} = {1 — ^sn*(w, fc)}/{l + A:sn®(w, A:)}. 

Show also that, if 4 A, 2iA" aro the periods of sn(w,A), 

A = (1+A!)A:, A' = + 

21. a and b are two real positive numbers. Two sequences of real 

numbers, aj* ^ 2 » ^-re defined by the equations 

tti = 4(0+6), 5i = ^(ah), 

®r+l = 4(^/4- ^r)» ^r+1 = V(^r^r)* 

Show that, as n -> 00 , and tend to the same finite limit, Af(o, 6) 
say. (This limit is called the arithmetico -geometric mean of a and 6.) 

22. Prove that, in the notation of Ex. 21, 

? r /2 77/2 

r ds _ r d(f> 

J (o*cos*^+6‘‘*sin*i9)V** J (af cos*^+6j8m*^)*/‘** 

0 0 

Deduce that, if 0 < A: < 1, 

K = 47r/Ar(l,A;'), K' = l7rlM(\,k), 

23. Show that the arc 8 of the Icnmiscate r* = o* cos 26, measured from 
the point of polar coordinates (a, 0), is given by r = o cn(.5 V2/a, 1/V2). 

Prove that, for the elliptic functions of modulus 1/V2, q = 0 04321, 
K = K' = 1*854, correct to four significant figures. Deduce that the 
length of a complete loop of the lemniscate is 2 id2a, approximately. 

24. A rigid body is performing finite oscillations about a fixed hori- 
zontal axis, under the action of gravity. Show that, if its angle of swing 
is 2a, its period of oscillation is 4K^{llg), where k = sin Ja and I is the 
length of the equivalent simple pendulum. 

If gravity is suddenly reversed when the pendulum is at the end of 
a swing, show that the now period is 4XV(%)« 

25. Show that 

r _ 1 _ dnu—kenu 

J snw ^ — 2k ^^dnw+Ajcnw* 

j enu du = iarctan(A;sdw), 

Jdn udu = amw. 

£ 6 


4111 



418 JACOBI’S ELLIPTIC FUNCTIONS 

Deduce the integrals of the other elliptic functions of Jacobi by in- 
creasing u in turn by K, iK\ K-{-iK\ 

26. Prove that the integrals of ns^w, nc^w, nd*w, sc®m, cs*w, sd®w, ds®w, 
cd^M, dc*w can all be expressed in terms of E{u), Jacobi’s elliptic func- 
tions» and u. 

27. Show that 

snuenu dn"”^tt) 
du 

- (n -I - 1 )dn"'-+ -u-n( \-\-k'^)tWu^-(n- 1 
Hence obtain reduction formulae for 


u 


I 


dn”w duy 


j 


dn^^w du. 


P'ind also similar formulae for sn”f/, cn”i/. 


28. Provo that 

'2K ^ 2K 

, J und^u du = , J und^u du = ^^{l+k'^)K, 

r 2/v 

J und*u du = [2(l+k'^-)E-K}, 


29. Show that any quartic or cubic polynomial in x without repeated 
factor can bo cxpn'ssed in the form 

where A, B, C, D, oc, and arc real if the co(?fiicients of the quartic 
are real. 

Hence prove, by using tlie homographic transformation 
/ = {x-ol)I(x-P), 

that an elliptic integral ^li(XfW)dx can be evaluated in terms of 
Legendre’s three kinds of elliptic integral, together with the elementary 
functions of analysis.! 

30. Express x in terms of u when 


M = J dt. (Math. Trip., 1914.) 

31. Prove that 

Il{u,v) — Tl(vyu) = uZ(v)^vZ(u), 

32. Show that 

TT/«. L TT/-. TT/ I \ 11 1 — Aj^snasnwsn vsn(u4- v— a) 

n(u,a)+n(v,a)~ri(ii+z;,a) = ^iog~— ; ; 

l + k^snasn.usnvsn{u+v+a) 

! The advantage of this method of reduction is that it always gives a real 
modulus when the coefficients in ly* are real, unlike the reduction of § 14.6. 
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33. Prove that 

Il{iu,ia+K^k) = T[(Uya+K\k'). 


34. Show that 

n(w, a) + n(w, 6) — n(M, a -h 6) 

1 — fc® sn o sn 6 sn w snCa-f w) 


= 4 log 


1 + A;® snasn6snwsn(a+6+w) 


+ mA;® sn a sn 6 sn(a +b). 


36. By integrating round a cell of sn u, prove that 

J sn«exp(inffiM/K ) du = 1)"}- 

-SK ' ® ^ 

Deduce that sn u is expansible as a Fourier series 

27T ^ o«+V2 

^Kk2, + 

0 

valid in the strip |Im(w/iC)| < 'R\{K'IK), 

36. Prove that the expansions 

0 

1 

hold in the strip lIm(w/i!C)| < Ill(JfiC7-K^)* 

37. Deduce from Exx. 36, 36 the Fourier series for cd u, sd u, and nd p>, 

38. Show that 

7T TTU , 277 0'®”+^ . , ... 

0 

the Fourier series on the right-hand side being convergent in the strip 

|Im(W^)| < 2Rl(X7ii:). 

39. Prove that the expansion 

, , J57 , 277® 'V ITT 

^ = x + S'* 2. 

n = l 

holds in the strip lIm(w/iC)| < Rl(i!C7'K^)- 
Deduce that the formula 


1 


is valid in the same strip. 
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40. Prove that, if Ui+u^+u^+Ui = 0, 

. IC^StSaSnSi Cf (i* 

Z(..)+Z(».)+Z(«.)+ZK) = - i+tv.,... 2,T 

dj (/j 


C 2 Cj ^ 

khiC^c^c^—k'^ jL^ Cj, 




^ V«rCr 


41. Provo that 


n 0 («r)+ n H(«,) 

7=1 r=l 


is invariant under the transformation 2w' = u^+u 2 +u^+u^ — 2ur. 
Deduce that 

0(Mi)0(«j)H(U3)H(Mi) + H(Mi)H{U2)0(«a)0K) 

and 


0(«l + A')0(7^j4-^f)0{Ms)0(M4)-H(Ui + if)H(U2 + if)H(Mj)H(tt4) 
arc also invariant. 


42. Show that, in the notation of Ex. 41, 

Q(u,+K)e(u2+K)&(u,nu,)+n{^^^ 

^ = (r){u:+iqe(u'+jq&(n:M^^^^ 

_ ,, , (1— fcsnWiSnWaKl— fcsnwasnw.) 

(l+ksnuimu2)(l+ksnu2snu^) 
is invariant under the transformation of Ex. 41, Deduce that 

l—ksn(t—x)fin(y—z) l'-km{t—y)sn(z—x) l—ksn{t—z)sn(x—y) 
l+isn(<— x)sn(?/— 2 ) l + kiin(t—y)sn(z—x) 1 + A;8n(^— 2)sn(a;— i/) 
is equal to unity. 



CHAPTER XV 


THE ELLIPTIC MODULAR FUNCTIONS AND 
PICARD’S THEOREM 


15.1. The construction of elliptic functions of given 
modulus 

It was seen in the previous chapter that the problem of evaluat- 
ing an elliptic integral is solved if we can construct Jacobian 
elliptic functions when c, the square of the modulus, is given. 
By the first formula of Ex. 4 on p. 385, we have to show 
that, when c has any given value different from 0 or 1 , we can 
find a number t whose imaginary part is positive, which satisfies 
the equation ^“ 2 ^ ^ 


16q 


u(m- 


[l+q^n- 

where q = e"", and, moreover, that each solution of this equa- 
tion leads to the same set of Jacobian elliptic functions. 

An equivalent form of this problem is the determination of 
two parameters co^ and cd^, such that Jta{aiJcuj) is positive, 
which satisfy the equation 

Wj)— p(a>2la>i, Wj) 


coj)— p(a>2|cx>i, toj) 


= C. 


Actually a precise value for wj cannot be determined from this 
equation, since the expression on the left-hand side is a function 
of T = alone; but this is immaterial, since disappears 

when we construct the Jacobian elliptic functions by means of 
Weierstrass’s Sigma functions. 

If, however, we reduce the elliptic integral to Weierstrass’s 
form, as in § 13.7, we are given three constants e^, Cj, and Cg 
whose sum is zero, and have to determine toy and such that 

«1 = P(wi), 62 = Piuiz), eg = 
and Im(a» 2 /a»i) > 0. But when we take into account the homp- 
geneity of p{z), we find that this problem is precisely the same 
as the one we have just stated. 


15.2. The primitive periods of an elliptic function 

In § 13.2, the periods and 2a>2 of an elliptic function were 
said to be a pair of primitive periods if Im(w 2 /a)i) is positive and 
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if every other period of the function is of the form 2?7icoi4"2wco2, 
where m and n are positive or negative integers or zero. When 
this is the case, the parallelogram with vertices 0, 2oj^, 

2u)c, is a primitive period-parallelogram; if the affix of a point 
within or on this parallelogram is a period, the point is neces- 
sarily one of the vertices. 

There are obviously an infinite number of pairs of primitive 
periods. If 2a)^ and 20^2 form one pair, the numbers 

2 a)[ = 2 dcoi-^ 2 coj 2 i 20)3 = 26 a)i+ 2 aa >2 

form another if and only if lm{co 2 /a)[) > 0 and 

= pto[-{-qoj 2 , 0)2 = 

where r, and s are integers. It is easily seen that Im(a> 2 /a>i) 
has the same sign as ad— be, and so ad— be > 0. If we solve 
the first set of equations for and C 02 , we obtain 

{ad—be)o}i = ccug, {ad—be)i02 = ~6a>(+rfa>2, 

1 a b 

and so ~ = — = — = - = iaa—bc). 

p —r —q s 

From this it follows that {ad—bc){ps—qr) = 1 and hence that 
ad— be = 1. We have thus shown that if 2o)^ and 2^2 form a 
pair of primitive periods of an elliptie funetion, so also do 

2 oJi = 2c?cl>2 “|~ 2cci>2j 201^2 26ci> 2 “j“ 2ttci>2 

if and only if a, 6, c, a.nd d are integers sueh that ad— be = 1. - 
Out of the infinite number of pairs of primitive periods of the 
given elliptic function, we now choose a particular pair of special 
importance, in the following manner. 

There are two, four, or six periods of least modulus, (i) If 
there are two, let 2co be the one of least argument. In the set of 
periods 2a>' such that 2a> and 2w' form a pair of primitive 
periods, there are at most two nearer the origin than the rest. 
If there is only one such period 2a>', call it 2ojt\ if there are two, 
let 2ojt be the one which gives the smaller value of arg(co7^*>). 
(ii) If there are more than two periods of least modulus, any 
pair whose sum is not zero form a pair of primitive periods; we 
take as 2io and 2aiT the particular pair which is such that 
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0 < argT |7T and argto is least. The unique pair of primitive 
periods chosen in this way is called the fu 7 idamenial pair of 
primitive periods of the given elliptic function, and the corre- 
sponding period -parallelogram the fundamental primitive period- 
parallelogram. 

Obviously |t| > 1, and, if |t 1 = 1, then 0 < argr < \tt. 
Moreover, as 2a> and 2aj+2coT also form a pair of primitive 
periods of the function, we have |l-fT| ^ |t|; but since 
0 < arg(l-fT) < argT when Inir > 0, the sign of equality is not 
permissible, and so |1+t| > |t|. Similarly we can show that 
[r— 1| |t|, where, however, the sign of equality can now 

occur. 

Therefore if 2w and 2cot form the fundamental pair of pri- 
mitive periods of an elliptic function, t lies in the region defined 
by the inequalities |t| ^ 1, |t+1| > |t|, |t— 1| \r\. This 

region is bounded by an arc of the circle |t| == 1 and the 
straight lines Rlr = ± 2 » boundary points which 

belong to the region are those for which the real part of t 
is not negative. 

15.21. The modular group of transformations 

If 2a>, 2a;T and 2a>', 2a>'T' are two pairs of primitive periods 
of an elliptic function, there exist, as we have just seen, integers 
a, 6, c, and d, connected by the relation ad— be = 1, such that 

coV' = aoJT+fico, a> = CcDT+dcu. 

When, therefore, we change from one pair of primitive periods 
to another, the quotient t undergoes the homographic trans- 
formation ^ ^ 

^ CT+d 

A transformation of this type, where a, 6, c, and d are integers 
connected by the relation ad — 6c = 1, is called a modular trans- 
formation. 

The set of all modular transformations forms a group, since 
it possesses the two characteristic properties of a group, namely: 

(i) Ifr' = (aT+6)/(cT+d) is a modular transformation, so also 
is the inverse transformation t = — (dr'— 6)/(ct' — a). 
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(ii) If Tj = (aiT+6i)/(ciT+rfi), t 2 = {a2'ri+^2)/(c2'ri+<^2) are 
two modular transformations, so also is the transforma- 

^ (<^1 ^2 ^1 ^^ 2 ^ " i ~ (^1 ^2 ^1 

^ (®i ^ 2+^1 ^ 2 )'^+ (^1 ^ 2+^1 ^ 2 ) 

which is obtained by the successive application of the 
given transformations. 

The group of modular transformations is called the modular , 
group. 

Two points in the r-plane are said to* be cjongruent with 
respect to the modular group whenever their affixes are con- 
nected by a modular transformation. If ImT '> 0, there is 
evidently no point congruent to t in the lower half-plane; 
moreover, if a point is congruent to a point on the real axis, 
it is either the j)oint at infinity or else lies on the real axis. We 
shall only consider the effect of modular transformations on sets 
of points in the upper half-plane, as the corresponding results 
for the lower half-plane can be obtained by a reflection in the 
real axis. 

It follows immediately from the work of the preceding section 
that if Imr' is positive, there exists a point r which is congruent 
to T with respect to the modular group and which lies in the 
region defined by (i) |t| > 1 and — | < Rlr < 0 or (ii) |t| ^ 1 
and 0 ^ Rlr i. This region is called the fundamental region 
of the modular group. 

We have not, however, shown that r is the only point of the 
fundamental region congruent to r'. Now if were another 
point of the fundamental region congruent to t', Tj would be 
congruent to t; this is impossible, as we shall now show. 

Let us suppose, then, that and r are connected by a modular 
transformation — (G^T+6)/(cT+d) and that t lies in the funda- 
mental region; we consider separately the cases c — 0, = 1, 

and c2 > 1. 

If c = 0, the transformation becomes = r-f /i, where n is 
an integer, and so does not lie in the fundamental region. f 
The point at infinity is invariant under this transformation. 

Ifc2= 1, the transformation is of the form Ti—m= — 1 /{t— n), 


t It must bo romernbored here that boundary points on the line R1 t = — - J 
do not belong to the fundamental region. 
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where m and n are positive or negative integers or zero. Now 
the inequality > 1 holds for all points of the fundamental 

region if n 0 or 1 , and for all save certain boundary points if 
n = 0 or 1. In these cases \r-^—m\ < 1, so that t is certainly 
outside the fundamental region. When n = 0, we have to con- 
sider the boundary points t = where Jtt ^ ^ and so 

Ti— m = follows that belongs to the fundamental 

region only when m = 0 and d ~ or when m = I and 
0 = in both cases, is identical with t. Again, when n = 1, 
|t — 1| > 1 save when t — 1 = this gives — m = 

so that Ti lies in the fundamental region only when m = 0, in 
which case and r are identical. 

Finally, when > 1, the transformation can be written in 
the form ^ _i 

c) 


a 

c 


But 




^ 2 ’ 


SO that 


c ^ 2V3 2 ' 


hence is certainly not in the fundamental region. 

We have thus shown that, if Tm r' is positive, there exists a 
unique point r which lies in the fundamental region of the modular 
group and is congruent to t with respect to that group. 

A modular transformation t = U(t), being homographic, 
maps the fundamental region conformally on a region of the 
upper half-plane bounded by three circular arcs (or straight 
lines) intersecting at angles Jtt, ^tt, 0. It is convenient to denote 
this region by U, which is also the symbol of the transformation 
producing it; we denote the fundamental region by I. 

Every point of the upper half-plane lies in at least one of the 
regions congruent to 7, so that they completely fill the upper half- 
plane; we shall show that they do so without any overlapping. 

For suppose that is a point common to the regions U and 
F, produced from I by the modular transformations t' = 17 (t), 
t' = F(t); let Ti be the point of 1 congruent to r[. Then, if 
T = ?7 “^(t') is the transformation inverse to t' U (t), we have 

Ti = 
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SO that Tj is a point of I which is invariant under the modular 
transformation r = U~W{r), 

We have, however, just seen that at most one point of I is 
invariant under a modular transformation and that such a point 
has affix or oo. Hence the regions U and V can have 

at most one point in common, and so do not overlap. 



In the above figure are shown the fundamental region and a 
number of the regions congruent to it. In each case the dotted 
curve is congruent to the imaginary axis; it divides each region 
into two parts and corresponding parts are marked with crosses. 
At first sight, it ai)pcars that two adjacent regions would have 
a whole side in common, contrary to what we have just proved. 
This is not the case, since part of the boundary of each region 
does not belong to it. 

15.22. The elliptic modular functions 

An analytic functioii /(t), regular save for poles when 
Ini T > 0, is called an elliptic modular function^ if there exists 
an algebraic relation between the functions /(r) and/(T') when- 
ever T and T are connected by a transformation of tlie modular 

t The standard work on elliptic modular functions is Klein and Fricke, 
Theorie der elJ iptischcn Modulfunktionen (Leipzig, 1890). 
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group. If /(t) = /(t') for all modular transformations, f{r) is 
said to be an automorphic function^ of the modular group. 

We can easily construct an elliptic modular function out of 
the invariants g^, of Weierstrass’s function p(2;|a), cor), which 
are unaltered when wc replace 2a> and 2ajr by any other pair 
of primitive periods 2oj' and 2 aiV. But since 

9 ^ 2 ( 0 ), ojt ) = gi{<o,ciJT) = a}-^gs{^,T), 

it follows g\lgl is a function of t which is invariant when t under- 
goes a modular transformation. As gl/gl can be shown to be 
regular in the fundamental region, save for one simple pole, it 
is an automorphic function of the modular group. 

On the other liand, the function 


A(t) = I6q 



8 


where q = is an elliptic modular function, but not an auto- 
morphic function of the modular group. To prove this, we 
observe that, as we saw in § 15.1, 


A(t) — (63 ^2)/(^l ^2)> 


where 6 ^, eg, and 63 are the values taken by p( 2 |a>, wt) when 
2 ; = cu, <xjT, and co-\-wT. Now when we change to a new pair of 
primitive periods, 2 a»' and 2(jd't' say, the numbers e{, ^3 

a permutation of e^. Hence, when t ' is connected with 

T by a modular transformation, A(t') is equal to one of the six 
functions 


A(t), 1— A(t), 

A(t) 


1 A(t) 1_ 

1 — A(t)’ A(t) — 1 * A(t)’ 


obtained by permuting Cj, Cg, and 63 . Since A(t) is regular when 
|g| < 1 , that is, when Imr > 0 , we have thus shown that A(t) 
is an elliptic modular function. 


15.23. The A-group 

A group of transformations A is said to be a sub-group of 
another group B, if every transformation of A belongs to B 
although there are transformations of B which do not belong 

t For the theory of automorphic functions in general, see, for .example, 
L. R. Ford, Automorphic Functions (Now York, 1929), or Forsyth, Theory of 
Fwncticms (Cambridge, 1918). 
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to A, We now show that the elliptic modular function A(t) is 
an automorphic function of a certain sub-group of the modular 
group. 

We have seen that if 2^;, 2a>2 form a pair 

of primitive periods of piz\a)iy 0)2), such that 
p{w2) = €2, and ^(6^3) = 63. This is the case if 

COj = dcOi-{-2C<x)2, <^2 ~ 2bt02^-\~(l(02j 

where a, 6, c, and d are integers such that ad—ibc = I, a and 
d being odd.f Writing cog = oj 2 — a>iT\ we find that 
A(t') = A(t) when r = (ar-f 26)/(2cT+d), where a, 6, c, and d are 
integers such that ad— 46c = 1. 

We shall call a modular transformation of this special type 
a A-transformation. The set of all A-transformations evidently 
constitutes a group, which is a sub-group of the modular group; 
we call it the A-group. The elliptic modular function A(t) is, 
therefore, an automorphic function of the A-group. 

15.24. The fundamental region of the A-group 

Two points in the r-plane are said to be congruent with 
respect to the A-group if their affixes are connected by a A- 
transformation. As two congruent points are necessarily both 
on the real axis or both on the same side of that axis, it suffices 
to consider only the effect of A-transformations on sets of points 
in the region Im r > 0. 

We show first of all that the A-group possesses a fundamental 
region by considering the periods 20 .^ and 2fl2 of 
such that = Cl, ^^e ratio wJcdi being an 

assigned number t' whose imaginary part is positive. 

The fundamental primitive period-parallelogram of p{z) con- 
tains either one or two points of the set Qj. If there is only one, 
we call it w. If there are two, they are the midpoints of opposite 
sides of the parallelogram; we take as w the one nearer the 
origin. In this way, oj is uniquely defined and satisfies the con- 
dition \a)\ < |cu+Q^^|, where is any period of p(z). 

We next consider the points w' of the set such that 2a> 
and 2 w form a pair of primitive periods of p(z). These points 
cu lie on a straight line parallel to the line through and at 

t It will be seen that the condition ad-ibc = I itself implies that a and d 
are odd. 
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most two of them are nearer to the origin than the rest. If there 
is only one, we call it cot. If there are two, we take as cot the 
one which gives the smaller (positive) value of arg(co7co). Thus 
COT is uniquely defined and satisfies the condition 

|cot| ^ |cOT+fi^^^|, 

where is any period of p{z). 

In this way we have found a number t which is congruent 
to the given number t with respect to the A-group, and which 
satisfies the inequalities 

1 < |2m+l + 27iT|, |t| < |2p+(2g+l)T|, 

for all positive or negative integer or zero values of rn, n, p, and 
q. Each of these inequalities is satisfied if 

1 ^ |2t+11, |t| < |t+2|, 

1 < |2t^1|, |t| < |t-2|. 

The point t lies, therefore, in a region bounded by the straight 
lines RIt = ±1 the! semicircles |2t±1| = 1; moreover, it 
is easily verifiedf that the only boundary points which belong 
to the region are those for which R1 t ^ 0. We call the region 
defined in this way the fundamental region of the A-group. 

We have thus shown that, when Imr' > 0, there exists a 
point in this fundamental region which is congruent to r with 
respect to the A-group. It is not, however, obvious that t is the 
only point of the fundamental region congruent to t'. If therfe 
were another such point tj, t and t^ would be two point.s in the 
fundamental region congruent with respect to the A-group, and 
this can be shown to be impossible.^ Hence, if Imr > 0, there 
exists a unique point r in the fundamental region of the X-group 
which is congruent to r with respect to that group. 

Each A-transformation maps the fundamental region con- 
formally on a region in the upper half-plane, bounded by four 
semicircles (or straight lines) all orthogonal to the real axis. It 
can be shown, just as in the case of the modular group, that 
these ‘quadrilaterals’ congruent to the fundamental region fill 
the upper half-plane completely without any overlapping. Two 

t By finding r when t' = and when 2t' = 

t The proof is omitted, since it is a simple modification of that given in 
§ 15.21 in connexion with the modular group. 




A'(t’*i) 0 Aj Cj A(t-i) 0,(t-2) A,(t-3 
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quadrilaterals can have at most one point in common, and such 
a common point is congruent to one of the points 0, 1, or oo of 
the fundamental region.f 

The figure given opposite shows the fundamental region and 
a number of the regions congruent to it with respect to the 
A-group. 


15.3. The behaviour of A(t) in the fundamental region 

The function A(t) is regular in any bounded closed domain in 
the upper half of the r-plane* and never takes there the values 
0 and 1. We now show that these exceptional values 0, 1, and oo 
are the limits to which A(t) tends as t moves in the fundamental 
region of the A-group up to one of the corners 0, ±1, or oo. 


Now Aw=.cfi(4+q*, 

where q = c’'*’’. Hence, if t = u-\-iv, where v have 


Ig-| = ^ e-^ 

and so |A(t) | < 16e-”«> 

where A is independent of u and v. Therefore A(2A-fiv) 0 as 
?? -> 00, uniformly with respect to u. In particular, A(t) 0 
as T -> 00 in the fundamental region. 

Now as T moves to the origin in the fundamental region, the 
point — 1/t tends to infinity in the same region. But, by 
Jacobi’s imaginary transformation, we have 

A(t)= 1-A(-1/t), (i) 


and so A(t) -> 1 as t -> 0 in the fundamental region. 
Again, sincef 

v-\ _ _ A(t— 1) 

' ’ A(t+1)-1 A(t-1)-1’ 


(ii) 


the function A(t) tends to infinity as t -> ± 1 in the fundamental 
region. 

When T lies on the imaginary axis, q is real and hence A(t) is 
also real. But X{iv) is a continuous function of the real variable 


t The proofs of these statements are omitted, as they can be easily supplied 
by the reader. 

i See Ex. 18 on p. 416. 
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v; therefore A(t) assumes all real values between 0 and 1 on the 
imaginary axis. Using formulae (ii), we deduce that A(t) is also 
real and takes all values between — oo and 0 on each of the lines 
RIt = ±1* Finally, by formula (i), we see that A(t) is real and 
takes all values between 1 and +oo on each of the semicircles 
12 t±1|== 1. 

15.31. The zerosf of A(t)— c 

If r is a closed contour in the upper half of the r-plane on 
which A(t) never takes an assigned value c, different from 0 or 1, 



Fig. 8 


the function A(t)— c has N zeros within F, where 


J A{r)— t 


We suppose, in the first place, that c is not real, so that A(t)— c 
has no zeros on the boundary of the fundamental region, and 
we take F to be the boundary of that part of the fundamental 
region for which 


Imr ^ 1/26, |r — 16 [ ^ e, Kil — ic] ^ e, 
where 6 > 0. This contour is shown in the figure above. Since 

t The analysis of this section is essentially the same as that given by 
Whittaker and Watson, Modem Analyaia (Cambridge, 1920), 481-3. 



ELLIPTIC MODULAR FUNCTIONS AND PICARD’S THEOREM 433 
A(t) 0, 1 , cx) as T -> 00 , 0, i 1 respectively in the fundamental 
region, we can make € so small that no zero of the function 
occurs in the part of the fundamental region outside T. The 
value of the contour integral then remains constant as e de- 
creases; we find its value by considering the limit as e 0. 

Now when r moves along the arc F'E\ its affix is — 
where 6 increases. The congruent point of the fundamental 
region has affix I -j- and so describes the arc FE. It follows 
that the integrals along F^E^ and EF cancel. Similarly the sum 
of the integrals along GH and H'G' is zero. 

The value of the contour integral is thus equal to the sum of 
the integrals along HH\ G'F\ WE, and FG. We consider these 
parts separately. 

Now when Imr ^ 1, A(t) is regular since \q\ ^ We can 
therefore express it as a power series 

A(t) = 16g(l+ai5+«2?“+-) 

which converges uniformly with respect to r when Imr > 1. 
Hence we have 

A'(t) = 167rig(l + 2aig+3a2g2 + ...), 
and so the function 


A'(t) ...) 

A(t) — c — c-\-\^q{\-\-(iiq-\-a 2 q^~\- ..>) 

tends to zero as Im r -> cx), uniformly with respect to R1 t, pro- 
vided that c is not zero. From this it follows that the integral 
along HW tends to zero with c, since Imr = l/(2€) on HH\ 
When T moves along the arc WE, the point = — l/r de- 
scribes the straight line HH\ and hence 


r ^ dr = f ^ dr . 

J A(t) — c dr J A(t) — c ^ 

K’E HH' 

But, by Jacobi’s imaginary transformation, A(t) = 1— A(ti), 
andso C A>.) 

J A(t)-c j AK)-(l-c) 1 


E'E 


HH' 


By the same argument as before, this tends to zero with e, since 
1— c is, by hypothesis, not zero. 

41U r f 
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Again, when r describes the arc FG, the point = — 1/(t — 1) 
moves along the right-hand half of the line HH' , so that 


J A(t) — C dr J A(t) — C dr^ 


FO hk 

But, by Ex. 18 of p. 416, 

A(t) = 1 - 

which gives 




J 


A(t)— 


- dr = 
C 


/ 

HK 


^ dr 

( 1 -c)A(ti )-1 A(ti) 


Similarly, by using the transformation Ti=— 1 /(t+ 1 ), we 
can show that 


J A(t)— c J ( 1 — c)A(ti )— 1 A(ti) 

Q-F' Kir 

Combining these results, we find that, so far, we have shown 

n -ivT ,• r 1 

. 27rii\r = lim XV \ " 1 V X 

J ( 1 — c)A(t )— 1 A(t) 


HH' 


The integrand can, however, be written in the form 

• (l-f-2CTig4'3cr2 

"" (1 +«i?+« 2?^ + -){1-(1“C)A(t)}’ 


and this tends to — Tri as Imr-^ +oo, uniformly with respect 
to RIt. From this it follows that 2mN — 27ri, and so = 1. 

We have thus proved that, when c is not real, the function 
A(t)— c has one zero in the fundamental region of the A-group. 
It remains to consider the case when c is a real number not 
equal to 0 or 1. In this case, A(t)--c will have a finitet number 
of zeros on the sides EF, E'F\ GH, and O'H' of F, and none 
in the part of the fundamental region outside F, provided that 
€ be sufficiently small. Now F'E' does not belong to the funda- 
mental region, but is congruent to FE with respect to the 
A-group; a similar remark applies to the sides G'H' and GH. 


t It cannot have an infinite number, since A(t) — c is regular within and 

on r. 
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Accordingly these zeros occur in pairs which are symmetrically 
placed with respect to the imaginary axis. 

We now cut out each zero on E*F' and G’H' by an indenta- 
tion whose radius is so small that it cuts out no other zerof of 
A(t)— c. The zeros on EF and OH are then brought within T 
by circular arcs congruent to these indentations, as shown in 
the figure. We then apply the same argument to the modified 
contour, observing that the integrals along the indentations and 
the congruent circular arcs cancel, and conclude that A(t)— -c 
has one zero within the modified contour. Since, however, 
points on E'F* or G'H' do not belong to the fundamental 
region, this means that the function has precisely one zero in 
that region. 

Hence it follows that, if c is any number not equal to or 1, 
the elliptic modular function A(t) takes the value c once in the 
fundamental region of the \-group. 

In particular, we see that A(t) increases steadily frpm — oo to 
0 as T moves along the straight line from 1 to 1-fooi, then 
from 0 to 1 as T describes the imaginary axis from ooi to 0, and 
finally from 1 to +co eiS r moves along the semicircle joining 
the points of affix 0 and 1. 

15.32. The solution of the problem of § 15.1 

We now show that the Jacobian elliptic functions arc uniquely 
determined wlien the square of the modulus is assigned. 

For we know that the equation A(t) = k‘^ has an infinite num- 
ber of roots; each root r is connected with the root tq in the 
fundamental region of the A-group by an equation 

Tq = {aT-{'2b)/(2cT-{-d), 

where a, 6, c, and d are integers such that ad—4bc = 1. 

If we construct two sets of Jacobian elliptic functions from 
the Weierstrassian functions p(z\2cT-\-dyaT-\-2b) and P(z\1,t), 
the square of the modulus k has the same value for each set. 
But since the two Weierstrassian functions are identical, the 
two sets of Jacobian elliptic functions are also identical. Thus, 
when P is given, sn(w, fc), cn{Uyk), and dn{u,k) are uniquely 
determined. 

t This is possible, since the zeros of a regular analytic function are isolated. 
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15.4. Conformal mapping by A{t) 

In the fundamental region of the A-group, the function A(t) 
is real only on the sides of the curvilinear trianglef OA (7. Hence 
the imaginary part of A(t) is always of the same sign within this 
‘triangle’. To determine this sign, we observe that 

A(t) = 16?{1 +/(?)}, 

where j{q) can be made as small as we please by taking Im t 
sufficiently large, and so ImA(T) has the same sign as Img. But 
if T = 

Img — = sinTrt^ 

and this is positive within OAC, Thus tKe imaginary part of X{t) 
is positive within the curvilinear ^triangle' OAC^ and vanishes on 
its boundary. Similarly we see that the imaginary part of A(t) 
is negative within the curvilinear ‘triangle’ OA'C and vanishes 
on its boundary; in fact, by Schwarz’s principle of symmetry,^ 
A(t) takes conjugate complex values at points which are sym- 
metrical with respect to the imaginary axis. 

Since A(t) is regular and simple within the fundamental region 
and takes there every value save real values between — co and 
0 and between 1 and +oo, the transformation z = A(t) maps 
the interior of this region conformally on the whole z-plane, 
supposed cut along the real axis from — oo to 0 and from 1 to 
-f 00 . The iipper sides of the two cuts correspond to .4(7 and OA 
respectively, the lower sides to A'C and OA\ There exists, 
therefore, a unique inverse function t = v{z) which is regular in 
the cut z-plane, and maps it conformally on the fundamental 
region of the A-group. 

15.41. The inverse function v{z) 

The equation z = A(t) defines t as a many-valued function of 
z. We call the function v{z), which we have just defined, the 
fundamental branch of t; any branch of t is connected with 
v(z) by a A-transformation. We now consider how these other 
branches of t can be obtained by continuing analytically the 
function v{z) across the cuts in the 2-plane. We do this by using 
certain results in Chapter XIV which depended on showing that 


t See the figure of § 15.24. 


t See § 8.4. 
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the Jacobian elliptic functions are uniquely determined when 
the square of the modulus is given; the work of the present 
chapter has completely justified this assumption. 

Now v(z) = iK' I Ky where K and iK* are the quarter-periods 
of the Jacobian elliptic functions of modulus But K has 
branch-points at 2 = 1 and 2 = 00 , and K' at z 0 and 2 = 00 ; 
this follows from their expressions as hypergeometric functions. 
Hence v{z) has branch-points at 0, 1, 00 . 

To determine the nature of these branch-points, we use the 
equation 

v\z) = 

which follows immediately from the result of § 14.511, Ex. 2. 
When | 2 | < 1, this equation can be written in the formf 

v\z) = -l- + ao+ai 24 -a 22 :“ + ..., 

TTlZ , 

the infinite series having \z\ = 1 as circle of convergence. Hence 
v(3) ^ —.\0gZ + <f>(z), 


A (iE\ - ^ 

dz\KI ‘^iK'h(l—zy 


where ^( 2 ) is regular when I 2 I < 1. 

The function v(z) has, therefore, a logarithmic branch-point 
at the origin. When we continue v{z) analytically once round 
2 = 0 in the positive sense, we obtain a new branch t = v(2)+2 
of the inverse functionf; this branch maps the cut 2 -plane con- 
formally on the interior of the ‘quadrilateral’ CAO^Ai of the 
figure of § 15.24. 

On the other hand, we have 

d( I \ V(Z) ^ TT 

dz\v(z)l “ vHz) iiK'^z(l-zy 

We deduce from this, in a similar manner, that 


v(z) 


— .log(l-z)+^(z), 


where ^( 2 ) is regular when |1— 2 | < 1. 

t Since 1/{(1— z)X*} is regular when hi < 1 and has the value 4/7r* at the 
origin. 

t It should be observed that this implies that regarded as a function 
of z, has no branch-point at the origin, but has a simple zero there. 
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The singularity of v{z) at 2 = 1 is therefore most simply 
explained by saying that llv{z) has a logarithmic branch-point 
at 2 = 1 . When we continue v(z) analytically round 2=1 once 
in the positive sense, we obtain a new branch r of the inverse 
function, given by the equation 

l = ^4-2 

T V(zr ’ 


SO that 


Kg) 

2v{z)+y 


This branch maps the cut plane conformally on the interior of 
the ‘quadrilateral’ OAC2A2 of the figure, which is obtained from 
the fundamental region by the A-transformation t' = t/(2t+1). 

The point at infinity is the only other branch-point of v(z). 
But as a circuit about the point at infinity is the same as a 
circuit about 2 = 0 and 2=1, there is no need to consider this 
any further. 

All the branches of the function r defined by the equation 
A(t) = 2 can therefore be obtained by repeated circuits about 
2 = 0 and 2 = 1 in appropriate orders. Each such branch maps 
the cut 2-plane conformally on the interior of a ‘quadrilateral’ 
congruent to the fundamental region of the A-group. It follows 
that every transformation of the A-group can be generated by 
repeated applications of the two transformations t' = T-f -2 and 
t' = T/(2T-f 1 ). For this reason, these transformations are called 
the generating transformations of the A-group. 


15.5. Picard’s theorem 

It is well known that a polynomial takes any assigned finite 
value n times, where n is the degree of the polynomial. As a 
polynomial is an integral function with a pole at infinity, we 
naturally ask whether every integral function actually attains 
any given value. 

The theorem of Weierstrass, proved in § 4 . 55 , does not really 
answer this question. It merely shows that we can find a 
sequence of points at which the integral function approaches as 
near as we please to the given value. 

The answer to this question was first given by Picard, t who 

t Comptes rendite, 88 (1879), 1024-7. 
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proved that an integral function actually attains every finite value, 
save one exceptional value at most. This result is known as 
Picard’s theorem. 

We know that the equation e* = a has an infinite number of 
roots for any given finite value of a, save a = 0; but if a = 0, 
the equation has no roots at all. Thus zero is an exceptional 
value of e^. On the other hand, there exist integral functions 
with no exceptional values; the function sin 2 is a simple example 
of this. 

In order to prove Picard’s theorem, we have to show that an 
integral function F{z), which never takes two given values, a or 
b say, must be a constant. The simplest proof of this is Picard’s 
original proof, by means of the function v{z) introduced in 
§ 15.41. 

The function f(z) = ^ 

b — a 

is an integral function which never takes the values 0 or 1. We 
now consider the function t = v{f(z)}, where t lies initially in 
the fundamental region of the A-group when 2 — 0. 

When 2 describes a closed curve C, the point t = f{z) describes 
a closed curve P, since f(z) is one-valued. This curve P cannot 
enclose either of the points 0 or 1 ; for if it enclosed the point 
< = 0 (or 1), we could make P pass through f = 0 (or 1) by 
deforming C, and this is impossible by hypothesis. Thus i/(^) 
returns to its original value when t describes P, and so v{f(z)} 
is a one-valued function of 2 . 

The point t = r{/( 2 )} lies, therefore, in the fundamental 
region for all values of 2 , and r is always finite, since /( 2 ) is never 
zero. Hence v{f(z)} is an integral function whose imaginary part 
is positive. 

It follows that the function 

is also an integral function. But since 

|«^( 2 ;)| = < 1 , 

we see, by applying Liouville’s theorem, that <^( 2 ) is a constant. 
Hence f{z) is also a constant. This completes the proof of 
Picard’s theorem. 
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15.51. Elementary proofs of Picard’s theorem 

Although Picard’s proof of his theorem is quite simple, it 
involves the rather difficult theory of the elliptic modular func- 
tion A(t). It is, however, possible to prove the theorem by 
elementary methods without the use of the modular function. 

The first elementary proof was due to Borel.'f* More recently, 
other elementary proofs have been given by BlochJ and R. 
Nevanlinna.§ These j)roofs are of great interest, as they have 
been the starting-points of new methods in the theory of func- 
tions. |1 

For an account of the application of the modulai function to 
the discussion of the behaviour of a function near' an isolated 
essential singularity, we refer the reader to Julia’s tractf f in the 
Borel collection. 

15.52. r Landau’s theorem 

Let f{z) be an analytic function which is regular and never 
takes the values 0 or 1 when |3| < i?. If this were true for all 
values of i?, no matter how large, f{z) would be an integral 
function with two exceptional values, and this is impossible by 
Picard’s theorem. The set of permissible values of R possesses, 
therefore, a finite upper bound L; if R' > L, the function /(z) 
is either not regular everywhere in |z | < R or else takes there 
one of the values 0, 1 . 

In 1904 Landaujf discovered a remarkable extension of 
Picard’s theorem when he found that this upper bound L 
depends only on the first two non-vanishing coefficients in the 
expansion of/(z) as a Taylor series in powers of z. 

Landau proved his theorem by elementary methods. The 
best proof, however, is that due to Caratheodory,§§ which gives 

t Comptea rendus, 122 (1896), 1045-8; Acta Math. 20 (1897), 357-96. 

X Comptea rendus, 178 (1924), 1503. An account of Bloch’s method is given 
by Landau, Daratellung und Beyrunduny einiyer neutrer Eryebniaae der Funk-- 
tionentheoric (Berlin, 1929). 

§ Acta Soc. Scient. Fennicae, 50 (1924), vi. See also his Boi*ol tract, Le 
Theorime de Picard- Borel (Paris, 1929). 

II See, for example, Bloch’s tract in the series. Memorial dea sciences mathi- 
matiquLea, fascicule xx (Paris, 1926). 

tt Lecons sur lea fonctions uniformes (Paris, 1924). 

Xt Berliner Sitzungsberichie (1904), 1118-33. 

§§ Comptea rendua, 141 (1905), 1213-15. 
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the ‘best possible’ value for L \ it involves the use of the function 
v{z). We give here Caratheodory’s proof in the case when/'(0) 
is not zero; the proof in the general case follows the same lines. 

The function f(z) = aQ-\-a^z+a^z^-\- 

where is not zero, is regular and never takes the values 0 or 1 
in the region | 2 ;| < i?. As in the proof of Picard’s theorem, we 
consider the function v{f{z)}, where v{aQ} is understood to mean 
the fundamental value; this function is one- valued and regular 
in | 2 | < Bf where its imaginary part is positive. 

Now the transformation w = (r— a)/(T— a), where Ima > 0, 
maps the region Imr > 0 conformally on | 2 ^’| < 1 and turns 
T = a into w = 0. Hence the function 


where i^(ao) = vanishes at 2 = 0 and is regular in \z\ a R, 
where it takes only values for which |i6’| < 1. 

As w(z) satisfies all the conditions of Schwarz’s lemma (§ 8.32), 
the inequaUty v{f(z)}-oc 

K/(2)}— “ ^ -K’ 

holds when | 2 | < i?. If we divide through by \z\ and then make 
| 2 | 0, we find that 

1 > lim 1 ' 

"z" v[m-a 

1 d 


r---- 

|a — OL dz 
l®llJ^{®o)l 

2lmv(ag) ’ 




and so 


R < 


2 Im v(aQ) 

‘’'(®o)r 


We have thus proved Landau’s theorem, that if 
f(z) = Oo+ai3+a232+... K ^ 0) 
is regular and never takes the values 0 or 1 in the region \z\ ■< R, 
then R ^ L, where 

. ^ 2linv(Oo) 

Wfv'K)!’ 
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If we replace L by any smaller function of and the 
theorem is false. For we can actually construct a function 
satisfying the conditions of the theorem with J? == L, by taking 

where a = via^) and A denotes the elliptic modular function of 
§ 15 . 22 . The result contained in Caratheodory’s formulation 
of Landau’s theorem is thus a ‘best possible’ one. 
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MISCELLANEOUS EXAMPLES 


1. Show that 


J(t)^ 


9l(Ur) 


g^(l,T)-21gHl,r) 

is an automorphic function of the modular group, which takes every 
finite value exactly once in the fundamental region of that group. 

4(1-A+A2)3 
27A2(1-A)2 ' 

where A denotes the elliptic modular function A(t). 


2. Prove that 


J(r) 


3. Sliow that any transformation of the modular group can be 
generated by successive applications of the transformations t' = t + 1 
and t' = — 1/t. 


4. Prove that A(t) -> 1 as r 0, uniformly with respect to argr in 
any angle e < argr tt—c, where e is positive. 

6. Show that the only points on the real axis which are congruent, 
with respect to the A-group, to points of the fundamental region, are 
those of rational allix. 


(5. Prove that the function which is equal to v(z) when Imz > 0, and 
is equal to v(2;)+2 when Imz < 0, is regular in the z-plane supposed 
cut along the real axis from Q to + 00 , and that it maps this cut plane 
conformally on the ‘quadrilateral’ COAOi of § 16.24. 
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7. Obtain a function regular in the z-plane, supposed cut along the 
real axis from — oo to +1, which maps this cut plane conformally on 
the ‘quadrilateral’ COCjA. 

8. The function F(z) is regular save for poles in any finite region of 
the 2 -plane. Show that there exist at most two values of c such that 
the equation F(z) = c has no roots. 

9. The function 

/(z) = ao + On2” + «.+l2"‘'H.-, 

where is not zero, is regular and never takes the values 0 or 1 when 
l^l < i?. Prove that U < L, where 

^ r2Imi/(ao)1i/« 

lKll/(a.)|J ■ 

10. The function 

f(z) = ao+aiZ+ajzH- 

is regular and never takes the values 0 or I when H < R. ^ is a con- 
stant between 0 and 1, Show that there exists a function 
depending on Uq and 6 alone, such that, when \z\ < dR, 

llS(ao\e) < \f{z}\ < S(aJ), 

l/S{(l-ao)“^^} < 11-/(2)1 < S(l-a,,d). (SCHOTTKY.) 

11. Show that, under the conditions of Ex. 10, there exists a function 
L(k, d)p depending on k and 6 alone, such that, if |ao| < 1% the inequality 
\f(z)\ < L{kfd) holds when \z\ < 6R. (Landau.) 
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tions E(w), 401-6; Z(m), 405; 
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function, Jacobi’s elliptic functions, 



INDEX 447 
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Pringsheim’s theorem on double 
series, 29 
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functions 
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I)seudo -periodic functions 
Simple functions, 184-5 
Singularities of an analytic func- 
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Uniform convergence, of a sequence 
of functions, 90-6; of iulinito in- 
tegrals, 110-15; of infinite pro- 
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elliptic functions by, 371-3; in- 
variants of, 360, 374; (e^ — e,)*, 368; 
{p(z) — Sr}*, 367 -8. See also Elliptic 
functions 

Welerstrass *8 pseudo-periodic 

functions a{z), 352-4, 356-7; 

a^(z), 368-9; {(z), 354-7; thoir 
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periodic functions, 408-9 
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Weierstrass, 354-7 
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